We present a WFC3 F160W (H-band) selected catalog in the CANDELS/GOODS-N field containing photometry from the ultraviolet (UV) to the far-infrared (IR), photometric redshifts and stellar parameters derived from the analysis of the multi-wavelength data. The catalog contains 35,445 sources over the 171 arcmin 2 of the CANDELS F160W mosaic. The 5σ detection limits (within an aperture of radius 0.
INTRODUCTION
Large multi-wavelength photometric surveys have made it possible to study galaxy populations over most of cosmic history. Near-infrared selected samples have been used to trace the evolution of the stellar mass function (e.g., Pérez-González et al. 2008; Marchesini et al. 2009; Muzzin et al. 2013) , the star formation-mass relation (e.g., Whitaker et al. 2012) , and the structural evolution of galaxies (e.g., Franx et al. 2008; Bell et al. 2012; Wuyts et al. 2012; van der Wel et al. 2012) . Until recently most of these surveys relied on deep, wide-field imaging from ground-based telescopes (e.g., Muzzin et al. 2013; Williams et al. 2009 ). The WFC3 camera on the Hubble Space Telescope (HST ) has opened up the possibility to select and study galaxies at nearinfrared wavelengths with excellent sensitivity and spatial resolution.
The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS, Grogin et al. 2011; Koekemoer et al. 2011 ) is a 902-orbit legacy program designed to study galaxy formation and evolution over a wide redshift range using the near-infrared HST/WFC3 camera to obtain deep imaging of faint and distant objects. So far, CANDELS has imaged over 250,000 distant galaxies within five strategic regions: GOODS-S, GOODS-N, UDS, EGS, and COSMOS over a combined area of ∼0.22 deg 2 . The extremely deep, high spatial resolution observations have enabled a broad array of science such as: the characterization of the UV luminosity functions up to z = 10 (e.g., Finkelstein et al. 2015; Bouwens et al. 2016) , the stellar mass functions and the star formation rate (SFR) sequence at z = 4 − 6 (Duncan et al. 2014; Grazian et al. 2015; Mortlock et al. 2015; Salmon et al. 2015) , or detailed studies of the structural and stellar mass growth in star-forming and quiescent galaxies since cosmic noon, z ∼ 2 (e.g., Wuyts et al. 2013; van der Wel et al. 2014; Barro et al. 2014; Guo et al. 2015; Papovich et al. 2015) .
The CANDELS multi-wavelength photometric catalogs for the GOODS-S, UDS, COSMOS and EGS fields have been presented in Guo et al. (2013) , Galametz et al. (2013) , Nayyeri et al. (2017) and Stefanon et al. (2017) , respectively; photometric redshifts and stellar population parameters for the first two fields are presented separately in Dahlen et al. (2013) and Santini et al. (2015) . This paper presents the multi-wavelength catalog in GOODS-N, based on a CANDELS WFC3/F160W detection and making use of all the available ancillary data spanning from the UV to FIR wavelengths. Most no-tably, this catalog includes photometry in 25 mediumbands from the SHARDS survey (Pérez-González et al. 2013) , which follows a similar observational strategy as previous optical surveys, such as COMBO17 (Wolf et al. 2001 (Wolf et al. , 2003 and the COSMOS medium-band survey (Ilbert et al. 2009 ), but provides higher spectral resolution (R ∼ 50) and deeper photometry (4σ, H∼ 27 mag) with an average sub arcsec seeing.
Furthermore, we expand the high spectral resolution coverage to the NIR by combining new WFC3 G102 grism observations with the publicly released G141 data from the 3D-HST survey (Momcheva et al. 2016) , which yields a nearly continuous coverage from λ = 0.8−1.7 µm with a resolution better than R = 130. Lastly, we complement the optical and NIR photometry with a compilation of all the available FIR data from Spitzer and Herschel, spanning from λ = 24 − 500 µm. This paper is organized as follows: § 2 briefly summarizes the photometry datasets included in our catalog. § 3 discusses the detection process in the CANDELS F160W image and photometry measurements on the HST and mid-to-low spatial resolution images. § 4 presents several tests to evaluate the quality of the multi-band photometry. § 5 presents the added-value properties estimated from the fitting of the UV-to-FIR SEDs to stellar population and dust emission templates. The summary is given in § 6. The appendices describe the contents of photometric and added value the catalogs, released together with this paper, as well as the methodology to estimate self-consistent SFRs.
The CANDELS GOODS-N multi-wavelength catalog and its associated files are made publicly available on the Mikulski Archive for Space Telescopes (MAST) 2 . They are also available in the Rainbow Database (Pérez-González et al. 2008; Barro et al. 2011) , either through Slicer, 3 which allows a direct download of images and catalogs, or through Navigator, 4 which features a query menu that allows users to search for individual galaxies, create subsets of the complete sample based on different criteria, and inspect cutouts of the galaxies in any of the available bands.
All magnitudes in the paper are on the AB scale (Oke 1974 ) unless otherwise noted. We adopt a flat ΛCDM cosmology with Ω m = 0.3, Ω Λ = 0.7 and use the Hubble constant in terms of h ≡ H 0 /100km s −1 Mpc −1 = 0.70.
IMAGING DATASETS
The GOODS-N field (Giavalisco et al. 2004 ), centered around the Hubble Deep Field North (HDFN Williams et al. 1996) at α(J2000) = 12 h 36 m 55 s and δ(J2000) =+62
• 14 m 11 s , is a sky region of about 171 arcmin 2 which has been targeted for some of the deepest observations ever taken by NASA's Great Observatories: HST, Spitzer, and Chandra as well as by other worldclass telescopes (see Figure 1) .
The multi-wavelength coverage of GOODS-N spans from X-ray, UV to far IR and radio data: UV data from GALEX (PI C. Martin), ground-based optical Figure 1 . Sky coverage of the multi-wavelength data sets used in the GOODS-N F160W catalog. The gray scale image shows the exposure time of the F160W mosaic, which includes the CANDELS wide and deep region. Coverage of ancillary data from UV to MIR are also shown: GOODS HST/ACS (blue), MOIRCS/MODS Ks (red), GTC/SHARDS optical medium-bands (orange), and GOODS Spitzer/IRAC (yellow). The entire field is covered by both SEDS Spitzer/IRAC and CFHT/K. data from U to z bands taken by the Kitt Peak 4-m telescope and from Suprime-Cam on the Subaru 8.2-m as a part of the Hawaii Hubble Deep Field North project (Capak et al. 2004) , 25 medium-bands from the GTC SHARDS (Pérez-González et al. 2013) survey, near infrared (NIR) J, H and Ks imaging from the Subaru MOIRCS deep survey (Kajisawa et al. 2009 ) and CFHT/WIRCam Ks photometry (Hsu et al. 2019) ; IRAC maps from Spitzer GOODS (Dickinson et al. 2003) , SEDS (Ashby et al. 2013 ) and SCANDELS (Ashby et al. 2015) ; MIPS data from GOODS-FIDEL (PI: M. Dickinson); Herschel from the GOODS-Herschel (Elbaz et al. 2011 ) and PEP (Magnelli et al. 2013) surveys. In the following we provide more details about the datasets included in the multi-band catalog. The telescope/instrument as well as the reference for the survey are given in Table 1. Table 2 lists the central wavelength of the filters, dust attenuation from Galactic extinction, image zero point and the average FWHM for each of the mosaics. Transmission curves for all filters are plotted in Figure 2 .
HST

ACS Optical imaging
The HST/ACS F435W, F606W, F775W, and F850LP images used in our catalog are the version v3.0 of the mosaicked images from the GOODS HST/ACS Treasury Program. They consist of data acquired prior to the HST Servicing Mission 4, including mainly data of the original GOODS HST/ACS program in HST Cycle 11 (GO 9425 and 9583; see Giavalisco et al. 2004 ) and additional data acquired in HST/ACS F606W and F814W as part of the CANDELS survey and during the search for high redshift Type Ia supernovae carried out during Cycles 12 and 13 (Program ID 9727, P.I. Saul Perlmutter, and 9728, 10339, 10340, P.I. Adam Riess; see, e.g., Riess et al. 2007 ).
WFC3 IR imaging
The CANDELS survey observed the GOODS-N field in 3 HST/WFC3 IR filters F105W, F125W, and F160W following a "wedding-cake" observing strategy similar to that in the CANDELS/GOODS-S field but with only 2 layers, deep and wide (i.e., there is no ultra-deep region). The deep region consists of a rectangular grid of 3×5 pointings that covers the central one-third of the mosaic (see Figure 1 ) with an approximated area of ∼55 arcmin 2 (∼ 35% of the mosaic). The observations were done over 10 epochs at 6 to 8 orbit depth in F125W and F160W. The wide region covers the northern and southern two-thirds of the field (∼ 50% of the mosaic) with 2×4 pointings in both filters and has approximately 2-orbit exposures. The distributions of exposure time and limiting magnitude of the F160W mosaic are shown in consist only of the deep and wide regions with a exposure gap in the intermediate region. See Grogin et al. (2011) and Koekemoer et al. (2011) for more details of CAN-DELS HST/WFC3 observations and data reduction. We also include in our catalog the 2-orbit depth F140W images taken as a part of the G141 AGHAST survey GO: 11600 (PI: B. Weiner; see next section) and GO:12461 COLFAX (PI: Riess) .
The WFC3 mosaics used in this paper have been reduced following the same data reduction strategy described in the previous CANDELS data release papers for the other fields. The images in all bands are drizzled to 0.
′′ 06/pixel to match the default CANDELS pixel scale (see Koekemoer et al. 2011 , for details).
WFC3 G102 and G141 grism spectroscopy
The GOODS-N field was observed in the HST/G141 grism at a 2-orbit depth as a part of the AGHAST program (GO:11600; PI: Weiner). The 28 pointings of the program were reduced, analyzed and incorporated to the 3D-HST survey (Brammer et al. 2012; Momcheva et al. 2016) , which uses a similar observing strategy over the other 4 CANDELS fields. Each pointing was observed for two orbits, with ∼800 s of direct imaging in the F140W filter and 4511-5111 s with the G141 grism per orbit. The observations were arranged in a 4×6 grid. There is no imaging or grism spectra in the northwestern edge of the field (dark blue line in Figure 1 ). In this paper we make use of the 3D-HST spectra released in their v4.1.5 data products described in Momcheva et al. (2016) .
Furthermore we present complementary HST/G102 observations (GO:13179; PI: Barro) that were designed to follow the same tiling strategy of AGHAST program in other to maximize the number of galaxies with simultaneous grism coverage. The observations consist of 28 two orbit depth pointings with 400 s of direct imaging in the F105W filter and ∼5000 s with the G102 grism per orbit following the same 4-point dither pattern of 3D-HST survey. The observations were processed using the 3D-HST data reduction pipeline described in Momcheva et al. (2016) . The pipeline combines the individual G102 exposures into mosaics using AstroDrizzle (Gonzaga & et al. 2012) . These individual exposures are aligned using tweakreg and grism sky backgrounds are subtracted using master sky images as described by . Each exposure is then interlaced to a final image with a pixel size of ∼ 0.
′′ 06. Before sky-subtraction and interlacing each individual exposure was checked and corrected for elevated backgrounds due to the He Earth-glow using the script 37 described by (Brammer et al. 2014) .
From the final G102 mosaics, the spectra of each individual object are extracted by predicting the position and extent of each two-dimensional spectrum based on the SExtractor (Bertin & Arnouts 1996) segmentation of the CANDELS F160W image. As this is done for every single object, the contamination, i.e., the dispersed light from neighboring objects in the direct image fieldof-view is estimated and accounted for. We also carried out visual inspections of the individual 2D and 1D extractions for a magnitude limited subset of the data (F105W< 23 mag) in order to flag catastrophic failures. The automated redshift determination and the emission line measurements based on these G102 and G141 datasets are presented in § 5.2.
Ground-Based Imaging
Ultraviolet
The U -band image was taken with the Mosaic camera on the Kitt Peak 4-m telescope by the Hawaii Hubble Deep Field North project (Capak et al. 2004) .
38
In addition to the Kitt Peak imaging, an LBT Strategic Program (PI A. Grazian) was approved on 2012B, with the aim of obtaining ultra deep imaging in the 37 https://github.com/gbrammer/wfc3/blob/master/reprocess_wfc3.py 38 http://www.astro.caltech.edu/~capak/hdf/index.html U band of the CANDELS/GOODS-N field using the LBC instrument at the prime focus of the LBT telescope (Giallongo et al. 2008; Rothberg et al. 2016) . The program consisted on approximately 25 hours on a single pointing of the LBC camera. The LBC field of view is larger than the whole CANDELS/GOODS-N field, and it covers approximately 600 sq. arcmin. with homogeneous coverage/depth. The same area has been observed also by other LBT partners (AZ, OSURC, and LBTO), for a total exposure time of 33 hours in U band (seeing 1.1 arcsec). The detailed description of these data is provided in a dedicated paper (Grazian et al. 2017 ) summarizing all the LBC deep observations available in the CANDELS fields. The relatively long exposure time and the good seeing allowed to reach a magnitude limit in the U band of 30.2 AB at S/N=1, resulting in one of the deepest UV images ever obtained.
SHARDS Optical medium-band survey
The Survey for High-z Absorption Red and Dead Sources (Pérez-González et al. 2013, SHARDS) , an ESO/GTC Large Program, targeted the GOODS-N field with GTC/OSIRIS in 2012-2015 and obtained 220 hours of ultra-deep imaging data through 25 medium-band optical filters. The wavelengths covered a range from 500 to 950 nm with a spectral resolution of R ∼ 50. The depth is 26.5 mag at the 4σ level (at least) and the seeing was always below 1 ′′ for every single filter. SHARDS used 2 OSIRIS (FOV 7.8 ′ ×7.8 ′ ) pointings to cover most of the CANDELS region (110 arcmin 2 ). The SHARDS optical imaging data has a particular characteristic that has to be taken into account to obtain accurate spectral energy distributions: the passband of the filter seen by different parts of the detector changes, getting bluer as we move away from the optical axis, which is located about 1 ′ to the left of the FOV. Therefore, every galaxy detected by SHARDS counts with a unique set of SHARDS passbands, which are defined by their transmission curves (whose shapes does not change and, therefore, are the same for all galaxies) and their central wavelengths (which change and must be provided for each galaxy). We remark that this is an optical effect which affects all filters, so the final spectral energy distribution for each galaxy counts with the same spectral resolution, R ∼ 50, but all the filters are offsetted from the nominal central wavelength. In order to properly account for this effect, the SHARDS photometry of the F160W sources (see § 3.2) is provided in a separated catalog (see Table A2 ) which includes the central wavelength for each galaxy and filter. Furthermore, the SHARDS science images in each of the 25 filters, which are released with this paper, are provided jointly with a map of the central wavelength for each pixel that can be used to account for the wavelength shift (see Pérez-González et al. 2013 for more details).
Near Infrarred
Deep K s -band images of the field were taken using Multi-Object Infrared Camera and Spectrograph (MOIRCS) on Subaru as part of the MOIRCS Deep Survey (MODS, Kajisawa et al. 2011) .
39 . The data reach 5σ Magnelli et al. (2013) total limiting magnitude for point sources of K s = 24.2 over a 103 arcmin 2 mosaic consisting of 4 MOIRCS pointings. The central ∼28 arcmin 2 of the mosaic contains a deeper region were the data reach K s = 25.1. In this work we make use of the publicly available "convolved" mosaic in which each of the four pointings have been homogenized to match the field with the worst seeing (FWHM∼0.
′′ 6). In addition to the MOIRCS data, we also make use of a deep broad-band K s mosaic based on observations with the CFHT WIRCam instrument (Hsu et al. 2019) . The final mosaic used in this paper covers ∼0.4 square degrees around the GOODS-N field. It has a 50% completeness limit for point sources between K s = 24.6 − 24.8 mag. The astrometry was calibrated using the Two Micron All Sky Survey (2MASS) catalog (Skrutskie et al. 2006 ) with a final internal accuracy of ∼0. ′′ 1.
2.3. Spitzer/Herschel mid-to-far IR
IRAC S-CANDELS
GOODS-N was observed by Spitzer/IRAC (Fazio et al. 2004 ) during the cryogenic mission in four bands (3.6, 4.5, 5.8, and 8.0 µm) for two epochs with a separation of six months (February 2004 and August 2004) by the GOODS Spitzer Legacy project (PI: M. Dickinson). Each epoch contained two pointings, each with total extent approximately 10 arcmin on a side. The exposure time per band per sky pointing was approximately 25 hours per epoch and doubled in the overlap region. We use the 5.8 and 8.0 µm imaging from this program in our catalog.
The 3.6 and 4.5 µm photometry was measured on the mosaics from the Spitzer -CANDELS (S-CANDELS, PID 80216; Ashby et al. 2015) survey, which combines the original cryogenic data with that taken from the warm mission phase. The resultant 3.6 µm and 4.5 µm mosaics fully cover the WFC3 F160W area of the CAN-DELS survey to a depth of at least 50 hours. The IRAC data in all 4 bands were reprocessed and mosaicked using the same CANDELS HST tangent-plane projection and with a pixel scale of 0.
′′ 06/pixels, to prepare them appropriately for further photometric analysis (see also Ashby et al. 2015) .
MIPS GTO, PEP & GOODS-Herschel
The GOODS-N field has been observed in the mid-IR wavelengths with Spitzer/MIPS at 24 µm and 70 µm as part of the GTO and GOODS surveys (Dickinson et al. 2003 , see also Frayer et al. 2006 ). Here we use the photometric catalogs in both bands described in Pérez-González et al. (2005 which are based on the reduced and mosaicked data. Furthermore, far-IR observations with the Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010 ) and the Spectral and Photometric Imaging REceiver (SPIRE; Griffin et al. 2010) , on board the Herschel Space Observatory were obtained as part of the PACS Evolutionary Probe (PEP; Berta et al. 2011; Lutz et al. 2011) , GOODS-Herschel (Magnelli et al. 2013) and HerMES (Oliver et al. 2012) surveys. The 5σ detection limits of the far-IR data are provided in Table D1 . The mid-to-far IR photometry probes the rest-frame wavelengths close to the peak of the dust IR emission of galaxies up redshifts of z ∼ 3. Therefore it provides a very useful SFR indicator, complementary to the UV luminosity, for large number of galaxies. See § 3.3 and appendix D for a more detailed description of the IR data and the photometric measurements.
2.4. Value-added data
Spectroscopic Redshifts
A number of different spectroscopic observations were conducted in the GOODS-N field over the course of the last 20 years. Here we include redshift compilations based primarily on large spectroscopic surveys us-ing the Keck/DEIMOS optical spectrograph: the ACS-GOODS redshift survey Barger et al. 2008) , the Team Keck Redshift Survey Wirth et al. TKRS 2004) and the DEEP3 galaxy redshift survey (Cooper et al. 2011) . We also included redshifts from a number of other smaller surveys that often targeted specific types of objects or small regions defined by observations with new instruments: Lyman-Break galaxies (Reddy et al. 2006 ), bright-IR galaxies (Pope et al. 2008 ), sub-mm galaxies (Chapman et al. 2005) or the ACS-grism PEARS survey (Ferreras et al. 2009 ). Furthermore, we complemented these optical redshifts with results from recent NIR spectroscopic campaings using the Keck/MOSFIRE spectrograph that are critical to increase the number of secure spectroscopic redshifts beyond z ∼ 1.5 : the 1st epoch of the MOSFIRE Deep Evolution Field (MOSDEF) survey (Kriek et al. 2015 ) and the TKRS2 (Wirth et al. 2015) . The extensive spectroscopic campaigns in GOODS-N yield a total of ∼5000 unique redshifts within the CANDELS F160W mosaic coverage, and ∼3000 of those with a highly reliable quality flag. The counterparts to the spectroscopic sources were identified using a crossmatch radius of 0.
′′ 8 (if more than one object falls within the matching radius, the closest match with the highest confidence flag was adopted). All spectroscopic identifications are listed in the catalogs, but only those with reliable quality flags are used in the analysis of galaxy properties.
X-ray
We used X-ray data from the Chandra 2 Ms source catalog by Alexander et al. (2003) , covering the entire surveyed region of the F160W mosaic in GOODS-N, to select candidates to harbor an AGN within our sample. The most likely X-ray counterparts to the CANDELS sources were identified using a cross-matching radius of 2.
′′ 5 between the CANDELS F160W catalog and the Xray catalog of Alexander et al. (2003) . We identify a total of 316 X-ray sources with a reliable F160W counterpart. This makes ∼ 3% of all the sources in the F160W catalog down to H < 24.5.
PHOTOMETRY
This section discusses the methods used to assemble the UV-to-FIR multi-wavelength photometric catalog. The following subsections describe the procedures to identify and characterize all the sources detected in the WFC3/F160W image and to obtain self-consistent photometric measurements in the high, intermediate, and low resolution photometric datasets.
3.1. High resolution HST data 3.1.1. WFC3 F160W detection and photometry
We follow a similar approach as in the previous four CANDELS data papers (Guo et al. 2013; Galametz et al. 2013; Stefanon et al. 2017; Nayyeri et al. 2017) . We identify sources using the reddest NIR band, WFC3/F160W, mosaic. Both source detection and photometry were performed using a slightly modified version of SExtractor v2.8.6 (Bertin & Arnouts 1996) that fixes some known issues that often cause the inclusion of false detections in the final catalog merged with real sources, and a sky over-subtraction that could affect faint extended sources (see Galametz et al. 2013) .
The source detection is based on the 2-step "cold" plus "hot" strategy described in more detail in the CANDELS UDS (Galametz et al. 2013 ) and GOODS-S (Guo et al. 2013) papers. Briefly, we ran SExtractor twice using two different parameter configurations (see Table 3 ) aimed at: detecting bright/large sources without overdeblending them (cold-mode), or pushing the detection limit to recover faint sources close to the limiting depth of the mosaic (hot-mode). Then, we merge the cold and hot catalogs following a similar approach as the GALAPAGOS code (see Barden et al. 2012 for more details). All coldmode detected sources are included in the merged catalog, but only those hot-mode sources whose segmentation map does not overlap with the photometric (Kron 1980) ellipse of a cold-mode source are included, i.e., hot-mode sources that are clearly overlapping with a cold-mode detection or the result of excessive shredding are excluded from the merged catalog. We detect 35445 sources in the F160W mosaic. Among them, 27293 sources are detected by the cold mode and 8152 sources by the hot mode. Figure 4 shows the distribution of detected sources in the F160W mosaic as a function of magnitude (i.e., the differential number counts). The left panel depicts the number counts in the GOODS-N wide region compared to those measured in regions of similar depth in the other 4 CANDELS fields. All the measurements are in good agreement up to H ∼ 24 mag. As pointed out in Stefanon et al. (2017) , the number counts in the wide region of the GOODSs and COSMOS fields are slightly below those in the UDS and EGS measurements in the 24 < H < 26.5 range, most likely due to the slightly deeper data (0.2 mag) in EGS compared to those fields. The right panel of Figure 4 compares the number counts in the deep regions of GOODS-N and GOODS-S, which are consistent up to H ∼ 29 mag.
As expected, the bulk of the number counts are consistent with those in the wide region (the counts in EGS are shown again as reference), while the number of detections at fainter magnitudes H 26 increases. The differential variation of the number counts in the faint end can be used to assess the completeness of the catalog. Following the approach in Guo et al. (2013) , we fit the number counts in the region were the catalog is expected to be complete (20 < H < 24) with a power-law of slope γ = 0.20 ± 0.06. Then, we find the ∼ 50% completeness limit by computing the magnitude where the relative difference between the observed counts and the power-law reaches a factor of two: H ∼ 25.9 and 26.6 mag in the wide and deep regions, respectively (dashed lines in Figure 4) . These values agree with the completeness limits of the CANDELS/GOODS-S catalog at similar depths (see also Fig. 3 of Duncan et al. 2014) . We refer the reader to Guo et al. (2013) for a more detailed discussion on the dependence of the completeness limit with the surface brightness profiles of the galaxies in GOODS-S. Given the similar depths of the GOODSs fields, those results are directly applicable to the GOODS-N catalog.
Photometry Flags
At this stage we also assigned a photometry flag to every object in the catalog. The flagging system is the same adopted in previous CANDELS papers and discussed in a Based on aperture photometry with radius equal to the FWHM of the PSF in each band b 25 medium bands, see Table A3 in the appendix and Pérez-González et al. (2013) detail by Galametz et al. (2013) . Briefly, the flagging scheme is based on the properties of the F160W mosaic. We use a zero for sources with reliable photometry and assigned a value of one either for bright stars or spikes associated with those stars. The radius of the star's masks range between 3 − 5 ′′ for ∼20 intermediate brightness stars and 10 ′′ for the 2 brightest stars in the field. A photometric flag of two is associated with the lower exposure edges of the mosaic or defects as measured from the F160W RMS maps. This is a very conservative flag assigned only to pixels with extreme (>1E5) values of the RMS map.
Optical/NIR HST photometry
The photometry in all other HST bands − ACS F435W, F606W, F775W, F814W, F850LP and WFC3 F105W, and F125W was measured running SExtractor in dual mode using the F160W mosaic as reference to ensure that the colors are measured within apertures of the same size. This means that the multi-band photometry is computed only for the sources detected in the F160W mosaic. We follow the same cold+hot routine described in the previous section by running SExtractor twice per band. In order to take into account the variations in spa-tial resolution as a function of wavelength (see the typical FWHMs of the HST bands in Table 2 ) all HST images were previously smoothed to the lower spatial resolution of F160W (FWHM∼ 0.
′′ 18) using the IRAF/PSFMATCH package with kernels that matched the multi-band PSFs with that of F160W. We computed semi-empirical PSFs in the WFC3 bands by combining a stack of isolated, unsaturated stars from across the mosaic with synthetic PSFs generated with TinyTim (Krist 1995) . We used the central pixels from the synthetic models and the wings of stacked stars (see van der Wel et al. 2012 for more details). The ACS PSFs were based on purely empirical models computed by stacking well-detected stars, without any artifacts, in each ACS band.
The left panel of Figure 5 compares the stacked light profile of several high S/N stars, extracted from the deep region, in all HST bands after running PSFMATCH. The central and right panels shows also the curves of growth (fraction of light enclosed as a function of aperture size) in each band and the fraction of enclosed light relative to that of the F160W PSF. All profiles converge quickly to unity after a few pixels, and the relative photometric error in all HST bands is less than 5% for apertures larger than two pixels (0.
′′ 12), which is larger than the typical isophotal radius for the bulk of the sources ( 97%).
We computed several different photometric measurements available in the SExtractor configuration, namely, FLUX AUTO, measured on Kron elliptical apertures, FLUX ISO measured on elliptical isophotes, and FLUX APER measured in a series of 11 circular apertures (see appendix A for a description of all the measurements included in the photometric catalog). As discussed in the previous CANDELS data papers, we adopt FLUX AUTO as the default "total" photometry for all the sources in the F160W band, while for the other bands we determine the total flux scaling FLUX ISO by the ratio of FLUX AUTO / FLUX ISO in each band. This ratio is used to convert their isophotal fluxes and uncertainties into the total fluxes and uncertainties. The isophotal correction ensures that the flux is measured within the same isophotal area in all bands (defined by the F160W segmentation map) and maximizes the S/N for faint sources. This method provides an accurate estimate of colors and fluxes subject to the prior assumption that the PSF-convolved profile is the same in all bands. We verify the quality of the multi-band SEDs in § 4 by performing both internal and external checks, comparing to another catalog.
3.2.
Intermediate resolution ground-and space-based data: TFIT We computed multi-wavelength photometry in all the ancillary ground based data and in the Spitzer/IRAC bands using the TFIT code (Laidler et al. 2007 ) and following the same methodology described in the previous CANDELS data papers. TFIT is a templatefitting software conceived to overcome the issues related with obtaining consistent photometry across large datasets that exhibit significant differences in spatial resolution. The code uses accurate positional information of the sources in the highest resolution band (in this case HST/F160W) to create PSF-matched models ("templates") of the sources in the intermediate resolution bands (e.g., ground-based K-band or IRAC). These "templates" are computed on an objectby-object basis by smoothing the high resolution cutouts to low-resolution using a convolution kernel (see e.g., Galametz et al. 2013) . Then, the code fits iteratively for the photometry by comparing the real to the modeled images in those bands. With the simultaneous fitting approach, the code can take into account the flux contamination for each source due to their neighboring objects. The details of the software are described in detail in Laidler et al. (2007) , Papovich et al. (2001) and (Lee et al. 2012 ) which includes a set of simulations to validate the photometric measurements and quantify its uncertainties. See also Merlin et al. (2015 Merlin et al. ( , 2016 for further tests and improvements on the code, branched as T-PHOT. For this paper we chose to use the original TFIT for consistency with all the previous CANDELS catalogs and also with early internal releases of the GOODS-N catalog.
In the following, we briefly summarize the main steps involved in the TFIT photometric measurements. Before running the fitting code, we perform an additional background subtraction step of the intermediate resolution images to ensure that there are no inhomogeneous regions that could potentially bias the photometry. The iterative background fitting script is based on an IRAF script "acall" originally developed for GOODS (M. Dickinson 2013, private communication; see Guo et al. 2013 for more details). Then, the images are re-sampled to a pixel scale that is a multiple of the F160W pixel scale (e.g., ∼ 10× for Spitzer/IRAC) using SWARP (Bertin 2010) . Lastly, we identify and stack several bright, isolated stars in each band to determine its average PSF and to compute the transformation kernel required to match the PSF of the high resolution F160W band. The fitting "templates" for each galaxy are computed by convolving their F160W segmentation maps with such kernels. As discussed in the previous CANDELS data papers, we apply a small "dilation" correction to the F160W segmentation map to avoid an artificial truncation of the light profiles of the sources. The dilation factor was determined following the empirical relation in Equation 3 of Galametz et al. (2013) .
We run TFIT separately in all the ground based and Spitzer/IRAC images. As mentioned above, the flux for each object is determined by fitting its template, and those of the neighboring objects, to the intermediate resolution image, thus obtaining a direct estimate of the possible flux contamination due to blending. The code runs the fitting step twice, and the second iteration allows for small shifts in the PSF-matched kernels to improve lower quality fits caused by small image distortions in the intermediate resolution images. Figure 6 shows examples of the TFIT residual map i.e., the result of subtracting the best-fit object templates from the original image, in three bands with different spatial resolutions demonstrating that the fitting procedure was successful.
With the "dilation" correction, included to avoid flux loss in the outskirts regions of fainter objects, and assuming that the morphology of the segmentation map is not strongly dependent on the wavelength, we can consider the fluxes measured with TFIT analogous to the "total" fluxes measured with SExtractor's FLUX AUTO (see also Lee et al. 2012 and Merlin et al. 2015) . Therefore, we apply no further corrections to these flux measurements. The merged photometric catalog combines 3.3. Low resolution mid-to-far IR data Here we describe the procedure to assign mid-to-far IR photometry to the F160W sources. Given the significant differences in depth and resolution between the optical/NIR and the IR imaging this procedure consists of two steps. First, we build a self-consistent IR catalog using only Spitzer and Herschel data. This merged IR catalog combines prior-based extractions and direct detections starting from the higher resolution Spitzer IRAC and MIPS bands all the way up to the low resolution SPIRE bands. Second, we assign those IR-fluxes to some of the CANDELS/F160W sources by crossmatching the IR-only and F160W catalogs and identifying the most likely NIR counterparts to the IR detections based on brightness and proximity criteria. In the following we briefly describe the main steps of the method. A more detailed description is provided in appendix D.
We start by building merged, mid-to-far IR photometric catalogs using the imaging datasets introduced in § 2.3. The procedure to carry out the source detection and to measure the photometry is described in detail in appendix D, as well as several other previous works, Pérez-González et al. (2010 , see also Rawle et al. 2016 and Rodríguez-Muñoz et al. 2019 . Briefly, the method consists of three steps: (1) source identification in each of the IR bands starting from the deeper and higher resolution bands at shorter wavelenghts and progressing towards redder, lower resolution bands by using a combination of priors and direct detections, (2) photometric measurements based on PSF fitting and aperture photometry, and (3) merging of the individual photometric catalogs to produce merged, multi-band, MIPS, PACS, and SPIRE catalogs. Overall, the merged IR catalog contains of the order of a few thousand detections at 24 µm and a few hundred in the PACS and SPIRE bands. This implies that the multiplicity of F160W detections per IR source ranges between 5 to 10. Thus, in order to obtain a 1 to 1 match of the two catalogs, it is necessary to identify the most likely counterparts on the basis of their NIR brightness and their coordinates in the high resolution images.
To do so, we run a crossmatching procedure sequentially from high-to-low resolution bands, starting from F160W to MIPS, then MIPS to PACS and lastly PACS to SPIRE. This method minimizes the multiplicity of each crossmatch by chosing far IR pairs with relatively small differences in resolution (∼ 1.5×). Then, we choose the most likely counterpart from those within the matching radius by prioritizing brightness and proximity to the low resolution source. The crossmatch with the largest multiplicity is F160W to MIPS, where the difference in resolution is almost 20×. However, in this case the brightness in the reddest IRAC band at 8 µm is a very effective discriminator, as it probes the rest-frame mid-IR region (at z 1.5) which often exhibits a flux contribution from the dust emission in addition to the stellar continuum. Based on the sequential counterpart identification, each mid-to-far IR source has a unique F160W counterpart in the final catalog. Nonetheless, we provide supplementary IR catalogs (see appendix D.4) which indicate all the secondary short-wavelength counterparts in each of the IR bands involved in the crossmatching procedure. These catalogs also indicate the crowdness, i.e., the total number of counterparts to each long-wavelength, IR source, which can be used for further diagnostics.
QUALITY ASSESSMENT
In this section we test the quality of the photometric catalog by (1) comparing the observed colors of stars to those estimated from stellar libraries, and (2) comparing the fluxes in our catalog to other published catalogs in GOODS-N. Furthermore, in Section 5 we also analyze several added value properties computed from the fitting of the UV-to-FIR SEDs, which depend on the quality of the photometric measurement described in the previous section.
Star identification and colors
We compare the observed colors of the stars in our catalog to those estimated from a stellar library. We use the synthetic models of stars from the Bruzual-PerssonGunn-Stryker Atlas of stars (Gunn & Stryker 1983 ) that we convolve with the response curves of the different filters. Stars (unresolved sources) can be identified using a size-magnitude diagram, as they form a tight sequence with fairly constant small sizes as a function of magnitude. The left panel of Figure 7 shows the SExtractor FLUX RADIUS against the total F160W magnitude for all the sources in the catalog. Point sources (red circles) can be cleanly separated from extended sources down to H ∼ 25 mag using the following criterion: FLUX RADIUS < −0.115H + 5.15 (see also Skelton et al. 2014 for a similar approach). We further verify the accuracy of this selection by comparing it with two alternative methods: 1) the ratio of the fluxes measured in large (2 ′′ ) and small (0. ′′ 5) apertures (central panel of Figure 7) , which shows a similarly tight sequence at bright magnitudes (H ≤ 24), and 2), the BzK color-color diagram (Daddi et al. 2004) , which is often used to isolate distant galaxies at z > 1.4 (right panel of Figure 7 ), but it is also very effective at isolating a clear stellar locus.
We note here that for some of the HST/ACS bands in our catalog, particularly in F606W and F775W, the new mosaics created for this paper include both pre-service mission data (from GOODS and other smaller surveys) Right: BzK color-color diagram showing another alternative method to identify stars (and galaxies; e.g. Daddi et al. 2005 ). The BzK diagram shows an excellent agrement with the other two methods for bright stars (red). However, a color-based selection (dashed black line) would also include a significant fraction of faint and less realiable sources. Note also that the BzK diagram relies on ground-based photometry which is shallower than the F160W mosaic. and new CANDELS data, which are separated in time by more than 5 years. As a result, the photometry of stars, some of which can have significant proper motions, is affected by systematics effects such as: (a) they have moved enough that they are partially falling out of the aperture defined by the F160W-band isophotes, and/or (b) that they are getting partially rejected as cosmic rays due to the motion. These effects are likely present as well in previous version of the mosaics (e.g., v2), meaning that stellar photometry for those stars in either set of mosaics is suspect.
Taking this into account, we compare the colors of stars, identified with the method described above, to those of stellar models excluding colors based on either the F606W and F775W bands (see next section for a comparison of the fluxes of non-stellar sources in these bands to the 3D-HST catalog). Figure 8 shows four of these diagrams. The observed colors of the point-like objects (blue circles) are consistent with the general distribution predicted by the stellar models showing no systematic biases. This further confirms the accuracy of the photometry, specifically for the brighter sources.
Comparison to other photometric catalogs
We compare our photometry with that of the 3D-HST multi-wavelength catalogs in GOODS-N (Skelton et al. 2014) . The 3D-HST catalog includes 22 different photometric bands. The main difference between the latter and the CANDELS catalog in the optical-to-NIR bands is that CANDELS includes photometry in 25 optical medium bands from the SHARDS survey while the bulk of the optical ground-based data in the 3D-HST catalog is based on the broad-band photometry from the Hawaii Subaru survey (Capak et al. 2004 ). There is, however, direct overlap between the two catalogs in the HST optical and NIR bands as well as in the Spitzer/IRAC photometry and the U and K band data from Hawaii Subaru survey and the NIR MODS (Kajisawa et al. 2009 ), respectively.
The photometry of the 3D-HST catalog was performed following a similar methodology to ours (see Skelton et al. 2014 for a full description). Briefly, the photometry in the HST bands was computed using SExtractor in dual-image mode. The fluxes were measured in circular apertures and then corrected to total magnitudes based on a factor derived from curve of growth of the F160W PSF. The photometry in the lowerresolution bands was derived using a similar software to TFIT (MOPHONGO; Labbé et al. 2005 Labbé et al. , 2006 Labbé et al. , 2013 . In addition to the aperture correction for the HST bands, two additional corrections were applied to account for Galactic extinction and small variations of the photometric zero-points. These two corrections are removed from the 3D-HST photometry before the comparisons described below.
We identify common sources between the CANDELS The blue circles show the SHARDS medium-band data and the blue lines, from light to dark shading, the G102 and G141 grism spectroscopy. The rightmost panels in each figure show a zoom in into the key spectral regions for each of these datasets and highlight the most prominent emission and absorption features in the spectrum. The insets show the redshift probability distributions computed from the fitting to broad-band data (grey), and with the addition of SHARDS and grism data (blue). The red line indicates the spectroscopic redshift.
and 3D-HST catalogs by crossmatching the source coordinates with a maximum matching radius of 0.
′′ 3. We only include in the comparison cleanly detected sources (i.e., sources with good quality use-flag in both catalogs). The top panels of Figure 9 shows the magnitude difference between the CANDELS and 3D-HST photometric catalogs for all the bands in common between the two catalogs as a function of the magnitude in each band. For each band, we only consider objects with S/N>3 in both catalogs. Overall, the agreement is good, and the systematic offsets (corrected and indicated in the upperleft corner) over the high S/N magnitude range in most bands is of the order of a few hundredth of a magnitude. The small differences likely stem from the various systematic corrections that the 3D-HST catalog has applied. The largest offsets of the order of ∆m∼0.1-0.2 mag are found in the IRAC bands. These offsets are consistent with those found in the similar comparisons between the CANDELS and 3D-HST catalogs presented in previous CANDELS papers (Guo et al. 2013 , Galametz et al. 2013 , Nayyeri et al. 2017 , Stefanon et al. 2017 . Note that, as indicated in the previous section, the stellar loci for the HST/ACS bands F606W and F775W exhibits systematic deviations (cyan circles) because the positions of some stars in the merged multi-epoch mosaic have changed due to proper motions.
To further verify the accuracy of the photometry we also analyze the difference in the colors as a function of magnitude between the two catalogs, where the color is defined as the magnitude difference in a given band minus F160W. In principle, a color comparison is more straightforward as it should naturally factor out any dependence on the aperture correction. This comparison is shown in the bottom panels of Figure 9 , and, again, we find an excellent agreement. Overall, these tests indicate that the flux measurements in both catalogs have been performed in a robust and self-consistent manner.
ADDED VALUE PROPERTIES
In this section we present the added value properties for the galaxies in the CANDELS GOODS-N catalog computed from the fitting of their UV-to-FIR SEDs to stellar population synthesis models and dust emission templates. We also present emission line measurements derived from the WFC3 G102 and G141 grism spectroscopy.
Photometric redshifts
Here we discuss the photometric redshift estimates for the galaxies in the CANDELS GOODS-N catalog computed from SED fitting. The main difference between the galaxy SEDs in GOODS-N with respect to the other 4 CANDELS fields is that this catalog includes photometry in 25 medium-bands of the SHARDS survey (R ∼ 50; λ = 0.50 − 0.95 µm) and HST/WFC3 grism observations in both G102 and G141, thus allowing for a continuous wavelength coverage from 0.9 ≤ λ ≤ 1.7µm with a resolution of R∼ 210 and 130, respectively. Together, all these datasets provide remarkable spectral resolution on a galaxy-by-galaxy basis that is uniquely suited to provide high quality, SED-fitting based properties.
The use of higher spectral resolution photometric bands, such as medium or narrow band filters has been shown to improve the accuracy of the photometric redshifts up to the few percent level (e.g.; Ilbert et al. 2010; Whitaker et al. 2011; Straatman et al. 2016) . The inclusion of WFC3 grism spectroscopy provides even higher spectral resolution capable of detecting emission lines, and thus provide redshift estimates of similar quality as those from typical, ground-based spectroscopic surveys (e.g.; Atek et al. 2010; Momcheva et al. (2016) ; Treu et al. 2015; Cava et al. 2015; Bezanson et al. 2016) .
Given that the number of available spectrophotometric datasets for any given galaxy (i.e., whether they have SHARDS and/or grism data) depends on its magnitude and its location within the WFC3 mosaic we have implemented a three-tier classification for the photometric redshift estimates with increasing spectral resolution data. Tier 3 consists of photometric redshifts determined from broad-band photometry only. Although these redshifts are based on lower resolution data, they can be computed for all the galaxies in the catalog using the same set of input fluxes and therefore provide a uniform, homogeneous set of baseline redshifts. The second tier redshifts are based on the SED fitting to both broad-band and SHARDS medium band data, Comparison of our multi-tiered photometric redshifts vs. spectroscopic redshifts for galaxies with both G102 and G141 spectra and good quality flag spectroscopic redshifts. The photometric redshifts are estimated using broad-band photometry only (tier 3, left), adding the SHARDS medium bands (tier 2, center), and adding the G102 and G141 grism spectroscopy to SED fit (tier 1, right). The black and grey circles indicate sources with high-and medium-quality spectroscopic redshift flag, respectively. The bottom panels shows the overall accuracy (∆z/(1 + z)) of the photometric redshift as a function of redshift. The colored solid and dashed lines show the running median and 68% confidence regions. The black dashed line indicates the outlier threshold (∆z/(1 + z) = 0.15). Both the accuracy (σ NMAD ) and the fraction of catastrophic outliers (η) improve with the addition of higher spectral resolution photometry.
and the first tier includes broad and medium band data plus the WFC3 grism spectra. Roughly ∼ 80% of the galaxies in the catalog lie in the region of GOODS-N covered by the SHARDS medium-band survey, and a large fraction of those, ∼ 60% at H < 24 mag, have also grism detections in either G141 or G102 (more details in § 5.1.5). All these galaxies have a more detailed SED coverage and, therefore, their photometric redshifts are likely to be more precise. In the following we describe the methods used to compute photometric redshifts for the galaxies in each of the three quality tiers.
Tier 3: Broad-band based photometric redshifts
Following the same approach as in previous CANDELS papers we computed several estimates of the photometric redshifts using a number of different codes, e.g. EAZY (Brammer et al. 2008) , HyperZ (Bolzonella et al. 2000) , SpeedyMC (Acquaviva et al. 2011) , etc, based either on χ 2 and MCMC fitting methods and using different templates and SED modeling assumptions (see Appendix B for more details on all the different codes). As a common practice, each of the methods fine-tuned the performance of the photometric redshifts by computing small zeropoint corrections to the photometric fluxes by minimizing the difference between the observed fluxes and those expected from the best-fit templates. Since these corrections are dependent on the fitting codes and template libraries we followed the same approach as in the previous CANDELS data papers and we did not include such adjustments in the photometric catalog. However, we report the average photometric zeropoint offsets adopted by each group in Table 2 .
As shown in Dahlen et al. (2013) , using the median of multiple photo-z estimates provides a more accurate prediction of the true redshift and it helps mitigating some of the most common problems, such as systematic offsets and catastrophic outliers. Here we compute the median photometric redshift based on five different codes. All these codes used the same set of broad-band photometric data for all the galaxies in the sample. We adopt these median values as the tier 3 redshift estimates. Note that, while the tier 2 and 1 photometric redshift estimates presented in the following sections are significantly more accurate than the tier 3 redshifts for many galaxies, the tier 3 estimate is the only value available for those galaxies without SHARDS and/or grism coverage. Furthermore, since the improvement in the quality of the photo-z owing to the addition of high spectral resolution data is magnitude dependent, the tier 3 photo-z's will also be very similar to tier 2 and 1 values for many faint, typically high-z, galaxies.
Tier 2: Broad and medium band photometry photometric redshifts
The tier 2 photometric redshift estimates are based on the fitting of the galaxy SEDs that include both broad band photometry and the 25 medium bands of the SHARDS survey. These redshifts are available to the nearly 80% of the galaxies which lie in the overlapping region between the CANDELS and SHARDS mosaics (see Figure 1 ). The photometric redshifts are computed using a slightly modified version of EAZY (Brammer et al. 2008) adapted to take into account the spatial variation in the effective wavelength of the SHARDS filters depending on the galaxy position in the SHARDS mosaics (see § 2.2.2). Comparison of our photometric redshifts vs. spectroscopic redshifts (left) and the 3D-HST photometric redshifts (right) from Momcheva et al. (2016) which are based on broad-band photometry and G141 spectra. This comparison is restricted to galaxies with G141 spectra in both CANDELS and 3D-HST and having good quality spectroscopic redshifts. The lines in the bottom panels show the redshift evolution of the median ∆z/(1 + z) for the CANDELS (red) and 3D-HST (green) samples. The addition of medium bands and the blue grism improves the quality of the photometric redshifts predominantly at low-z (z 0.7), while both photometric redshift estimates are fully consistent at medium-and high-z. The colors of the points and lines have the same meaning as in Figure 11 .
The tier 1 photometric redshift estimates are based on the fitting of galaxy SEDs that include the broad and medium band photometry from tier 2 and the WFC3 grism spectroscopy. The accuracy of the grism-based photo-z's depends critically on whether any prominent emission line falls within the observed spectral range (see e.g., Figure 2) , and if such line is detected with high SNR. Given the limited spectral range of the grism, the majority of the emission line detections in either G141 or G102 consist of only one prominent line. However, if the SNR of that line is high enough (SNR 5), the use photo-z priors, such as the ones computed in tier 2 or 3, can help break the redshift degeneracies and provide a very precise redshift determination (∆z 1E-3; e.g. Momcheva et al. 2016) .
In order to take full advantage of both the broad and medium band photometry and the grism spectroscopy, we computed the tier 1 photometric redshifts using the SED-fitting code developed by the 3D-HST survey and discussed in detail in Brammer et al. (2012) and Momcheva et al. (2016) . This code was designed to estimate redshift probability distribution functions (PDFz) based on the constraints from the broad-and medium-band photometry as well as their G141 grism spectroscopy. Here we use a slightly modified version of the code which makes use of both the G102 and G141 spectroscopy in this calculation. Briefly, the redshift determination is done iteratively in three steps, first using only the photometric SED to obtain coarse constraint on the PDFz, then fitting the grism data alone over a finer redshift grid, and lastly fitting both together multiplying the likelihood of all the redshift distributions. The first iteration of the fitting uses the preliminary photo-z estimate from the previous section as a prior on the fit to broad and medium-band photometry. The fit to the grism spectrum is done in 2D to take into account the impact of the spatial extent of the source in the spectral direction. This is done by using the SExtractor segmentation map of each source in the direct F105W and F140W images for G102 and G141, respectively.
An advantage of the iterative fitting method is that the resulting PDFz defaults to the tier 3 or 2, photometryonly solution in all the cases where there is no significant contribution to the probability distribution from the fit to the grism data. Thus, the improvement in the accuracy of the PDFz over the photometry-only case depends on the significance of detected features on the grism spectra, e.g., strong emission lines, continuum breaks or absorption lines (see Figure 10 for two different examples of these possible cases).
Quality assesment of the photometric redshifts
Figure 11 compares our three tier photometric redshift estimates versus spectroscopic redshifts for galaxies with both G102 and G141 grism spectra and good quality spectroscopic redshifts. Each panel illustrates the grad- ual improvement in the overall accuracy of the photo-z with the addition of higher spectral resolution data to the SED fit, starting with the broad-band only fits (tier 3, left panel), and progressively including the SHARDS medium bands (tier 2, middle panel), and the grism spectroscopy (tier 1, right panel). The normalized median absolute deviation (σ NMAD ) of ∆z = z phot − z spec , defined
, improves significantly by a factor of ∼ 10 and 12 with the use of medium bands and grism spectra, respectively. Similarly, the fraction of outliers, defined as η = ∆ z/(1+z) > 0.15, decreases from 4.2% to 3.3% and 2.7% in those cases. The bottom panels of Figure 11 show the dependence of the ∆z/(1+z) scatter with redshift for the 3 cases. The median value of such scatter corrected by the median offset in |∆z| is, by definition, σ NMAD . For the tier 3 redshifts, the scatter is relatively constant up to z ∼ 1.5 and increases by a few percent at higher redshifts. The addition of SHARDS photometry significantly improves the accuracy of the tier 2 redshifts at z < 1.5 by almost a factor of 7. However, the impact of the medium band data at higher redshifts (z > 1.5) is almost negligible. This is because the most relevant spectral features (e.g., Balmer or 4000Å break) shift out of the SHARDS spectral range around that redshift, and thus diminish the constraining effect of the medium-bands. The addition of HST grism spectroscopy does not significantly change the overall σ NMAD accuracy of the redshift with respect to the tier 2 case. Nonetheless, it consistently reduces ∆z/(1+z) to ∼ 0.01% for galaxies with clear emission lines in the redshift range z = 0.4 − 3. As a result, the relative improvement of the tier 3 redshifts at low-z is smaller than a factor of 3, but it can increase to almost a factor of 10 for high-z galaxies. Figure 12 shows the comparison of our photometric redshifts vs. spectroscopic redshifts (left) and vs. the photometric redshifts from the 3D-HST survey (right) which also make use of G141 spectra Momcheva et al. (2016) . This comparison is limited to galaxies with G141 spectra in both catalogs and good quality spectroscopic redshifts. The purpose of this comparison is twofold, first showing the relative impact of adding SHARDS mediumband photometry and G102 spectra vs. the G141-only case of 3D-HST, and second, verify that our redshift estimates are consistent with theirs for the galaxies in which the G141 data is the key contributor to the quality PDFz. The redshift dependence on ∆z/(1+z) shown in the bottom panels of Figure 12 indicates that our photometric redshift accuracy is slightly higher at z 0.7 due to the additional constraints from SHARDS and G102, which are both more effective at picking up emission lines at low-z (see Figure 2) . At higher redshifts our estimates are in excellent agreement with those from 3D-HST.
Note that Figures 11 and 12 include only spectroscopically confirmed sources with clear emission lines. Therefore, the comparisons are biased towards the best possible targets for redshift determination using the HST grisms. This bias consequently boosts the accuracy redshift estimates, i.e., if a galaxy has a confirmed optical emission line it is easier for the NIR grism to pick up another one line in different spectral range thus providing a high precision (0.01% level) redshift estimate. Figure 13 compares photometric and spectroscopic for all galaxies with reliable spectroscopic flag regardless of their HST grism detectability. The number of galaxies in the figure is more than 1.5× larger than in the previous comparisons and it includes a significant amount of galaxies from tier 2, i.e., galaxies for which the grism spectra do not contribute decisively to the PDFz. Although still biased towards galaxies with emission lines, this comparison provides a more representative estimate of the overall quality of the photometric redshifts for the whole, magnitude limited sample. The accuracy is slightly lower than in the previous comparisons but it is still significantly better than the ∼1% precision typical of broad-band only surveys (σ NMAD ∼ 0.3% with η ∼ 4%).
Breakdown of the photometric redshift tiers
Since the quality of the photometric redshifts depends on the data used for the SED fit it is useful to report the relative fractions of galaxies in the sample that have observations in each of the relevant datasets or photoz tiers discussed in the previous sections. In terms of area coverage, approximately ∼80% of the CANDELS F160W mosaic is covered by the SHARDS medium band imaging, and an additional ∼3% of the non-SHARDS area is covered by the WFC3 G102 and/or G141 mosaics. Thus less than ∼20% of all galaxies have tier 3 redshifts, i.e., based on broad-band photometry only. Among the 80% of the sample with SHARDS observations, the relative fraction of galaxies with tier 2 and tier 1 redshifts, Figure 14 . 1σ emission line sensitivity in the G102 and G141 spectra as a function of the observed wavelength (upper panel) and the SExtractor flux radius size of the galaxies (lower panel). In order to illustrate the effect of the two main drivers of emission line sensitivity separately, the upper panel shows galaxies with similar sizes of R ∼ 5 pixels, typical for resolved galaxies, while the bottom panel shows galaxies with emission lines measured around the same wavelengths, λ ∼1.0 µm and 1.5 µm for G102 and G141. At those wavelengths, the average line uncertainty of the 2-orbit depth grism spectra for a resolved galaxy are 0.75 and 1.5 ×10 −17 erg s −1 cm −2 in G141 and G102, respectively.
i.e., the fraction of galaxies with both SHARDS photometry and HST grism spectra is magnitude dependent. For a magnitude limit of H< 24 mag, the breakdown is 26% and 74% in tiers 2 and 1, and 35% and 65% for H < 25 mag. Relative to the whole catalog, these numbers imply that 60% and 52% of all galaxies have tier 1 redshifts at H< 24 and 25 mag, respectively.
For the galaxies with observations in both grisms, the SED fitting procedure combines the G102 and G141 spectra for the redshift determinations. However, given the lower sensitivity of the G102 grism (see next section for more details) some galaxies might only have G141 detections. For galaxies detected in at least one of the grisms and a magnitude limit of H< 24 mag, the breakdown between galaxies with both G141 and G102 spectra vs. only G141 spectra is approximately 55% to 33%. The remaining 12% of the galaxies have only G102 observations. The latter are typically located in a region with G141 coverage, however, differences in the orientation of the G102 and G141 observations can make the G141 spectra unavailable or severely contaminated.
G102/G141 Emission line fits
We compute emission line fluxes and observed-frame equivalent widths from the G102 and G141 spectra us- ing the same software described in the 3D-HST survey paper Momcheva et al. (2016) . Briefly, this code adopts the 2D continuum template determined from photometric redshift fit to build a 2D model and then adds Gaussian lines with unresolved line widths of σ = 100 km/s. Each potential line is treated separately by means of independent line-template normalizations relative to the continuum. The code fits the observed grism data to the model using the emcee sampler (Foreman-Mackey et al. 2013) to determine the marginalized posterior distribution functions of the parameters for the individual linetemplate normalizations. These are converted directly to line fluxes and observed-frame equivalent widths in physical units (i.e., erg s −1 cm −2 andÅ, respectively). Only the lines that fall within the rest-frame spectral range of the grism data, as determined from the grism redshifts, are included in the model (see Table 4 of Momcheva et al. 2016 for a complete list of all the species included in the fit). The line fluxes are implicitly normalized to the total broad band photometry, as the spectra are scaled to match the photometric data. Note that the line-template normalization is not required to be positive, and therefore it is not restricted to measure emission lines, i.e., it can also provide equivalent width estimates for absorption lines.
The MCMC chains provide a robust estimate of the uncertainties in the fit, which are primarily determined by two effects: 1) the wavelength dependence of the grism throughput, and 2) the galaxy size (i.e., the area of the effective aperture of the 2D spectrum fit). ure 14 illustrates these two effects separately for the G102 and G141 spectra. The top panel depicts the wavelength dependence of the sensitivity for sources with SExtractor FLUX RADIUS= 3 − 5 pixels while the bottom panel depicts the dependence on the galaxy size at the peak sensitivity wavelength of each grism. Overall, a typical resolved galaxy exhibits a 1σ flux uncertainty of ∼ 1.5 × 10 −17 erg s −1 cm −2 in G102 and ∼ 0.8 × 10 −17 erg s −1 cm −2 in G141 for 2-orbit depth exposures. The lower sensitivity threshold of the G102 grism compared to G141 is largely due to its higher spectral resolution (i.e., the line flux spreads over more pixels and thus reaches a lower the S/N per resolution element for similar exposure times). The noise levels are in good agreement with previously published sensitivities of the HST NIR grisms (e.g., Atek et al. 2010; Brammer et al. 2012; Trump et al. 2013; Treu et al. 2015) . Figure 15 shows the redshift distribution and the cumulative fraction as a function of magnitude for emission line galaxies detected in the G102 and G141 spectra. The lower sensitivity of the G102 grism results in approximately half the number of emission line detections as in G141 at SNR 3 or 5. Furthermore, its bluer central wavelength implies that the majority of those detections in G102 have lower median redshifts than those in G141. As indicated in Figure 2 , the bluest of the most prominent emission lines, [O ii], shifts out of the G102 spectral coverage at z ∼ 2, while it can be detected in G141 up to z ∼ 3.5. This is consistent with the distributions shown in the histograms of Figure 15 . The overall brighter magnitudes of the emission line galaxies detected in G102 implies that the majority of those galaxies are also detected in G141 for redshifts z 0.6 (i.e., when the Hα line shifts into the G141 passband). This naturally provides simultaneous detections of two relevant lines in the combined dataset, for example Hα and Hβ at z = 0.6−1.3, or [OIII] and [OII] at z = 1.3 − 2.0. The majority (> 90%) of the G102 emission line detections with SNR ≥3 (5) have magnitudes H ≤ 23.5 (23), while the G141 detections are about 1 magnitude fainter with SNR ≥ 3 (5) at H ≤ 24.5 (24). Relative to the full galaxy catalog, these numbers imply that ∼25% of the galaxies with H < 24.5 have at least one emission line detected in the G141 grism, and ∼35% of the galaxies with H < 23.5 have two emission lines detected, one on each of the G102 and G141 grisms.
In order to validate the quality of the emission line extractions, we compare the line fluxes measured in the G141 grism to those released by the 3D-HST survey in Momcheva et al. (2016) . Note that while we make use of the reduced G141 images released by the 3D-HST survey, the 2D extraction of the spectra, the redshift determination and the line measurements depend on our object detection procedure and on our SEDs. Therefore, this is a useful quality check to verify that our extraction and SED fitting procedures are accurate. This comparison is shown in the left panel of Figure 16 , which illustrates that the fluxes from both catalogs are in excellent agreement even for the faintest emission lines with f λ ∼ 1×10 −17 erg s −1 cm −2 which have low SNR 3. The right panel of Figure 16 extends this validation test to the emission lines detected in G102 by comparing the flux measurements for emission lines that are simultaneously detected in both G102 and G141. This is only possible for a small sub-sample of galaxies in narrow redshift ranges where the most prominent lines lie in the reddest and the bluest sides of the G102 and G141 wavelength ranges, respectively (z ∼ 0.7 for Hα, and z ∼ 1.3 for [OIII]/Hβ). In this case the comparison is between fully independent measurements performed in different datasets, and we also find a good agreement for all the emission lines with SNR 3. The scatter is consistent with the ∼ 1.5× dispersion reported in Momcheva et al. (2016) for the comparison between grism and groundbased spectroscopic measurements. Note also that, in order to measure the same line in both grisms, the fluxes are typically measured near the edges of the spectra, 0 0.5 1 1.5 2 Figure 17 . Rest-frame UVJ diagram for galaxies in the deepest CANDELS fields, GOODS-N (this paper) and GOODS-S (from Guo et al. 2013) . Each column presents the rest-frame colors for galaxies in the two fields at the same redshifts, with redshift increasing from left to right. The diagram is color-coded by mass, with the lowest mass galaxies in blue and the highest mass galaxies in red, as shown by the legend in the upper-left panel. The black lines indicate the selection box used to separate quiescent from star-forming galaxies, based on Williams et al. (2009) .
around λ obs ∼ 1.1µm, where the sensitivities are lower (see Figure 14) .
Rest-frame colors and stellar population properties
We compute stellar population properties and restframe luminosities by fitting the observed SEDs to galaxy templates and adopting the best photometric redshift. We used the best available SED for every galaxy including broad-and medium-band photometry, but not the grism spectroscopy. First, we estimate stellar masses and other physical properties of the galaxies, such as stellar ages, dust extinctions or SFRs by fitting the SEDs with the codes FAST (Kriek et al. 2009) Pérez-González et al. 2005 . The redshift is fixed to best redshift estimate, i.e., spectroscopic where available and photometric otherwise. The modeling assumptions for both codes are as follows: we use the Bruzual & Charlot (2003) stellar population synthesis models with a Chabrier (2003) IMF and solar metallicity. We assume exponentially declining star formation histories with a minimum e-folding time of log 10 (τ /yr) = 8.5, a minimum age of 40 Myr, 0 < A V < 4 mag and the Calzetti et al. (2000) dust attenuation law. The only difference between the FAST and Synthesizer fits is that the latter uses SED templates that include emission lines. In addition to the stellar population properties, we also estimate rest-frame luminosities and colors for all galaxies using EAZY (Brammer et al. 2008 ). This code computes the rest-frame luminosity in a set of typical photometric filters (see Table B3 ), and then derives rest-frame colors as the ratio of the luminosities in two of those filters. Figure 17 illustrates the consistency of these rest- Emission Line − log(EW) 0 0.5 1 1.5 2 2.5 3 Figure 18 . Comparison of the stellar masses computed using FAST and Synthesizer with the same modeling assumptions (see text). The primary difference between the galaxy models is that Synthesizer includes emission lines in the SEDs. The stellar mass estimates are fully consistent. The overall distribution is centered around zero with a scatter of 0.15 dex. We find no systematic affects the stellar masses of galaxies with strong emission lines, identified using the WFC3 grism spectra. The color code indicates the EW of the H α and [O iii]emission lines in those galaxies.
frame colors by comparing the distribution of galaxies in the UVJ color-color diagrams (Williams et al. 2009 ) based on the CANDELS/GOODS-N catalog and the CANDELS/GOODS-S catalog of Guo et al. (2013) (i.e., the deepest CANDELS fields) in 3 redshift bins. The . Left: Galaxy stellar masses as a function of redshift for the CANDELS GOODS-N sample with a grey-color intensity scale for the H-band magnitude. We estimate the stellar mass completeness of the sample by showing the stellar mass threshold for a series of intrinsically red, quiescent or dusty (orange, red and purple lines), galaxy templates with an observed H-band magnitude equal to the SNR∼5 detection limit of the catalog, H∼26. Right: Comoving number density for galaxies more massive than log(M/M ⊙ )> 10 divided in three groups, star forming (blue), quiescent (red) and both together (black), and compared to the results from the ULTRAVISTA COSMOS sample for the same range in stellar mass (shaded regions). The catalog provides results which are consistent with the literature (Muzzin et al. 2013) indicating that both our stellar masses and rest-frame colors are robust.
color distributions are qualitatively very similar and they are also consistent with the UVJ diagram for the 3D-HST sample (Figure 26 of Brammer et al. 2012 ). The mass distribution in the color-color diagram is also consistent with previous results which showed that the majority of massive galaxies at z 1 tend to be intrinsically red (U − V ), either because of dust obscuration of because they host older stellar populations (Brammer et al. 2011) . The UVJ diagram is indeed particularly useful to make this distinction because it breaks the degeneracy between the dusty star-forming galaxies and quiescent galaxies with low levels of star formation. Both the old and the dusty populations have red U − V colors (upper left region), but dusty star-forming galaxies typically have redder V − J colors (e.g., Whitaker et al. 2012) . The black lines indicate the selection threshold that is typically used to distinguish these two populations. In the following we adopt the UVJ criterion to divide the GOODS-N sample in star-forming and quiescent galaxies at all redshifts. We validate the accuracy of this selection criterion by comparing the evolution in the number densities of these two populations to the results from previous works (see below). Figure 18 shows the comparison of the stellar masses computed with FAST and Synthesizer. The overall difference between these estimates for the whole galaxy sample is consistent with zero within the usual scatter of ∼ 0.3 dex typical of the comparison of stellar masses derived with different codes (e.g., Mobasher et al. 2015 , Nayyeri et al. 2017 . Furthermore, we find no obvious systematic differences in the stellar masses of galaxies with strong, high EW emission lines, identified in the G102 and G141 spectra (Hα or [O iii]; colored circles), as a result of using galaxy templates with or without emission lines in the SED fitting procedure. Nonetheless, we release with this paper the best-fit SEDs computed with both FAST and Synthesizer to enable further investigations in specific subsets of emission line galaxies. Since there are no obvious advantages to the use of either set of stellar mass estimates we choose the values computed with FAST as our fiducial stellar masses for the remainder of this work. This choice allows a more direct comparison to the stellar masses computed by the 3D-HST survey using the same fitting code and modeling assumptions (see below).
The left panel of Figure 19 shows the stellar mass distribution for all galaxies in our catalog as a function of redshift using a grey-color intensity scale to indicate the H-band magnitude of the galaxies. We use this diagram to study the mass completeness of the sample. The completeness of magnitude limited samples, such as this one, decreases with redshift and is typically lower for red galaxies, either because they have intrinsically old stellar populations with larger mass-to-light ratios, or because the dust attenuation makes the galaxies fainter than unobscured SFGs of the same mass. Therefore, we characterize the mass completeness of the sample by estimating the mass threshold for the reddest galaxies with H-band magnitudes equal to the SNR∼5 detection limit of the survey (H ∼ 26). Red galaxies fainter than this threshold will be undetected at the depth of the survey. The orange and red lines show the mass completeness limit for 3 galaxy templates of quiescent galaxies with ages ranging between 1 − 3 Gyr, i.e., the age of a recently quenched galaxy at any redshift, and the age of maximally old galaxies at z = 2 − 3. The purple line shows the detection limit for a young (250 Myr), dusty (Av= 2) star-forming galaxy. In agreement with previous estimates of the mass completeness for the CANDELS catalogs in other fields (e.g., Tal et al. 2014; Nayyeri et al. 2017; Stefanon et al. 2017) , we find that our catalog is complete to log(M/M ⊙ ) 10 up to redshift z ∼ 3 except perhaps for the most extreme dusty galaxies (Av≫ 2; see e.g., Wang et al. 2016 for a study of dusty H-band drop outs). Interestingly, massive, recently quenched galaxies (also called post-starburst) can be reliably detected up to z ∼ 4, as shown for example in Straatman et al. 2014 .
We further verify the quality of the stellar mass estimates by studying the comoving number density of massive (log(M/M ⊙ )> 10) star-forming and quiescent galaxies as a function of redshift. The right panel of Figure 19 shows that these number densities agree with the results from the ULTRAVISTA sample (Muzzin et al. 2013 ), which covers a larger area but to a shallower depth, at the same redshifts and follow the predicted trend at higher z. The CANDELS/GOODS-N sample is likely more susceptible to cosmic variance effects at the lowest redshift bin, but owing to its deeper limiting magnitude, it is possible to follow the evolution of both blue and red galaxies up to higher redshifts. Figure 20 shows one last quality check which compares our stellar mass estimates vs. those from 3D-HST catalog for the same galaxies. We find that the average offset, and the scatter are in excellent agreement as reported in similar comparisons presented in previous CANDELS data papers for the other 4 fields.
UV+IR SFRs
The "ladder" of SFR indicators
In this section we use the UV-to-FIR SEDs to provide SFR estimates for the galaxies in the sample. The depth of the optical/NIR photometry guarantees accurate measurements of the rest-frame UV emission (λ ∼ 1500−2500Å), which is an excellent tracer of the ongoing star formation, for all galaxies up to the highest redshifts. However, the ubiquitous presence of dust in star forming galaxies, typically embedded in the same gas from which stars are formed, implies that the intrinsic UV emission of the galaxies if frequently attenuated by dust absorption. In galaxies with low-to-mid attenuations, it is possible to correct for the effect of dust absorption using different methods such as the slope of the UV emission, which is correlated with the Av (e.g.; Meurer et al. 1997) , or by estimating such Av from the optical-to-NIR SED fitting to stellar population models, which provides also a direct estimate of the intrinsic SFR. Nonetheless, several works have shown that the strong dust atten- uations found in massive galaxies at z 1.5 can bias these corrections downwards, thus underestimating the SFRs (e.g., Daddi et al. 2007; Reddy et al. 2008 Reddy et al. , 2010 Wuyts et al. 2011a ). The availability of FIR photometry provides a direct probe into the emission of the dust particles, responsible for the optical attenuation, which are being heated by the UV photons and re-radiate this energy at longer wavelengths. Hence the FIR photometry provides a useful SFR indicator for severely obscured galaxies, which make a significant fraction of the massive galaxy population at high z. The main drawback of this method is that the shallower depth of the IR observations, compared to the optical and NIR data, limits the SFR detection threshold, which becomes increasingly higher with redshift and eventually leads to incompleteness even at the high mass end (see e.g., Figure 2 of Scoville et al. 2016) .
A way forward to overcome the issues in both the UV and IR based SFR estimates is to combine the constraints coming from both methods by using a ladder of SFR indicators that can be cross-calibrated on relatively massive galaxies with intermediate dust attenuations and low IR fluxes. Here we follow such approach by using a method similar to the one described in Wuyts et al. (2011a) . Briefly, the SFR ladder usually consists of three steps which differ on the amount of SFR indicators that are available for each galaxy, namely, UV, which is availabe for all galaxies, mid-IR, available only for a subset of massive (log(M/M ⊙ ) 10) up to z ∼ 3, and far IR, avail- IR . They y-axis shows the total SFR derived either from the UV luminosity, corrected for extinction (SFR corr UV ; grey circles), or the combination of SFR obs UV and the IR-based SFRs computed from the fit of all the available FIR data to dust emission templates (red circles). The median difference between SFR estimates, ∆ logSFR, is indicated for the UV corrected (black) and IR-based (red) SFRs. Overall, the two different estimates exhibit a good agreement showing that is it possible to combine them in a SFR ladder, that spans a range of more than 2 dex in SFRs. able only for a subset of those mid-IR detected galaxies. The first step of the ladder is a UV-based SFR derived from the rest-frame UV luminosities of the galaxies. Owing to the breadth of optical and NIR photometric data the rest-frame UV luminosity (i.e., the monochromatic luminosity at 280 nm) can be measured for galaxies at z 0.3. Thus, it provides a general, homogeneous SFR estimate for the whole sample. To compute the SFR from the UV luminosity, we use the relation of Kennicutt (1998) , applying a correction for dust attenuation, SFR TOT 
, where L(280) and A UV are the UV luminosity and dust attenuation at λ = 280 nm, respectively. The UV attenuation can be inferred directly from the the best-fit model to the overall SED, which assumes a Calzetti et al. (2000) attenuation law (i.e., A UV =A(280)=1.8Av). However, rather than assuming these values, here we estimate A UV on a galaxy-by-galaxy basis from the comparison of the slope of the UV continuum emission (β; f λ ∝ λ β ) to the ratio of UV to IR luminosities (L(8 − 1000)/L UV ≡IRX), or upper limits of the latter. The IRX-β diagram provides a useful diagnostic to characterize the dust attenution in each galaxy (Meurer et al. 1997; Kong et al. 2004; Buat et al. 2007 ). This is particularly relevant to avoid overestimating the dust attenuation in blue, low mass galaxies, undetected in the IR, for which the starburst like Calzetti et al. (2000) attenuation law is not a good match. A more detailed description of this method is presented in appendix D.
The second and third steps of the SFR ladder include only galaxies with mid-to-far IR detections. For those galaxies, we use a hybrid estimate that combines UV and IR tracers. Firstly, we estimate the contribution of the dust obscured SFR by fitting the FIR SEDs with dust emission templates (see next section) and computing the integrated IR luminosity, from 8 to 1000 µm, L(8-1000). Then, we obtain the total SFR by adding the contributions from the obscured (IR) and the observed, unobscured (UV) SFR, SFR TOT = SFR IR +SFR obs UV (e.g., Kennicutt 1998; Bell et al. 2005) ,
where SFR is given in M ⊙ yr −1 , the luminosities are in L ⊙ and the conversion factor from luminosity to SFR assumes a Chabrier (2003) IMF.
Mid and far IR based SFR
For galaxies with IR detections we distinguish between those with only mid-IR detections and those with both mid-and far-IR detections. As discussed in Section 2, our catalog includes photometry both from Spitzer and Herschel. The Spitzer/MIPS 24 µm photometry is deeper than Herschel PACS and it has higher spatial resolution than that of SPIRE. The downside of MIPS, is that it probes shorter, mid-IR wavelengths, whereas the Herschel data spans a broader, FIR wavelength range from λ = 100 − 500 µm. Nonetheless, owing to its depth, a larger fraction of the sample is detected at 24 µm than in any Herschel band and thus provides SFR estimates for a large fraction of the massive galaxies up to z ∼ 3. For galaxies detected only in MIPS 24 µm, the modeling of the FIR emission with dust templates is uncertain, as it is only constrained by one point, and it is prone to overestimate the SFR at high-z due to a bias towards ULIRG templates for relatively normal galaxies (Daddi et al. 2007; Symeonidis et al. 2008; Kartaltepe et al. 2010; Barro et al. 2011; Elbaz et al. 2011) . In order to avoid this problem, we use the analytic conversion from MIPS 24 µm fluxes to L(TIR) from Wuyts et al. (2008 Wuyts et al. ( , 2011b , SFR W11 IR . This calibration uses only one template generated by averaging multiple dust emission templates and comparing to stacked Spitzer and Herschel photometry for multiple galaxies (see also Rieke et al. 2009 or Rujopakarn et al. 2013 for similar calibrations).
For galaxies with detections in multiple FIR photometric bands (e.g., galaxy SED in Figure 21 ), we fit the thermal IR emission (those bands redder than 5 µm rest-frame, which are supposed to be dominated by dust emission) to the templates from the libraries of Chary & Elbaz (2001) , Dale & Helou (2002) , Rieke et al. (2009) and Draine & Li (2007) . Then, we compute the integrated luminosity L(TIR) as the average value of the four sets. The typical differences in the predictions from the different models are roughly a factor 2, consistent with the typical uncertainties in similar kind of studies (Papovich et al. 2006 , Daddi et al. 2007 , Magnelli et al. 2009 ), SFR fit IR . We also compute L(TIR) using the Wuyts et al. (2008) formula for these galaxies to have an additional estimate of the SFR that can be used to validate the accuracy of the IR SED fitting.
Comparison of the SFRs
Following Wuyts et al. 2011b, we cross compare the different SFR estimates to validate their accuracy and consistency. Figure 22 shows the comparison between the total SFR based on the UV luminosity, corrected for extinction (SFR corr UV ; grey), and the total SFR determined from the fitting of all the far IR data to dust emission templates (SFR is based on galaxies with relatively weak MIPS detections, f(24µm)> 20 − 150 µJy, while the comparison to the IR SED-fitting SFRs includes all galaxies with at least one detection in a Herschel band. Overall, both comparisons are in qualitatively good agreement showing that the SFR ladder method can be used to derive self-consistent SFRs across a wide range of galaxy masses and redshifts. The comparison to SFR corr UV shows a small offset and scatter, ∆SFR∼ 0.03 ± 0.32 dex, that are consistent with the typical dispersion expected in this kind of comparisons (∼ 0.3 dex; e.g., Wuyts et al. 2011b ). The comparison between the two IR-based SFRs shows a similar offset but a much smaller scatter ( 0.02±0.17 dex). The excellent agreement for the latter is not surprising, considering that the MIPS data is used in both SFR estimates, whereas the comparison to the UV-corrected SFRs is based on completely different tracers (UV vs.
IR).
We further analyze the consistency of the SFR ladder by comparing the locus of our SFR main sequence, i.e., the correlation between SFR and stellar mass (e.g., Noeske et al. 2007; Elbaz et al. 2011; Whitaker et al. 2014) , at different redshifts, with previous results from the literature. Figure 23 shows how the combination of the different tiers of the SFR ladder (grey, orange and red circles) reproduce the characteristic distribution of the SFR sequence, which exhibits a slope close to unity at lower masses, and flattens towards the high-mass end (e.g., Speagle et al. 2014) . The black and grey lines show the running median and 1σ scatter of the distribution for star-forming galaxies selected using the UVJ diagram (see figure 17) . The overall distribution exhibits a good agreement with the results of Whitaker et al. (2014, blue line) and Schreiber et al. (2015a, green line) , also based on far-IR photometry, and shows a similar curvature as a function of mass. We further discuss the properties of the SFR main sequence derived from our SFR estimates in appendix D, which also expands the analysis to include data from the 5 CANDELS fields.
SUMMARY
In this paper we present an HST/WFC3 F160W (Hband) selected sample in the CANDELS/GOODS-N field characterized with UV-to-FIR SEDs. The sources are selected from an F160W mosaic which combines data from the deep and wide observations of the CANDELS program over a total area of 171 arcmin 2 . The photometric catalog includes the newly observed HST data in F105W, F125W, and F160W, taken as part of the CANDELS survey, with all the previous HST optical observations in ACS F435W, F606W, F775W, F814W, and F850LP from GOODS and other smaller programs. In addition to the HST data we include deep photometric data in 25 optical medium-band filters from the SHARDS survey (Pérez-González et al. 2013), which constitutes one of the deepest (i-band ∼ 28 mag) and highest resolution (R∼50) medium-band surveys, surpassing the depth, spectral coverage and resolution of similar medium band observations in other deep fields such as COSMOS or GOODS-S. Furthermore, we include ancillary data in the ultraviolet: LBC/U and KPNO/U', near IR: MOIRCS/K, CFHT/K' and Spitzer/IRAC 3.6, 4.5, 5.8, 8.0 µm and a wealth of far IR photometry at 24 µm, and 70 µm from Spitzer MIPS and at 100 µm, 160 µm, 250 µm, 350 µm, and 500 µm, from Herschel PACS and SPIRE. In addition, we complement and expand the broad and medium band photometry with WFC3/IR grism spectroscopy in G102, from new observations (GO:13179), and in G141 from AGHAST (GO:11600), as reduced by 3D-HST (Momcheva et al. 2016) . The combined grism observations make GOODS-N the first among the deep cosmological fields to have similar areal coverage in the contiguous grisms, which enables a simultaneous analysis of several emission lines at different redshifts.
As in previous CANDELS papers, the source detection is based on a slightly modified version of SExtractor which runs and combines the output of two configurations (cold and hot) to optimally detect and extract all sources ranging from the largest, most extended, and brightest ones to the faintest and smallest. Similarly, we use TFIT to measure uniform multi-band photometry in the lower resolution optical-to-NIR bands. TFIT uses priors from the positions of the F160W detections to construct object templates that are PSF-matched and fitted to the low-resolution images to measure the photometry. The FIR photometry is measured independently and self-consistently on the Spitzerand Herschel images using MIPS 24µm priors. Then, each IR source is assigned a single F160W counterpart based on coordinates and IRAC fluxes. The F160W-selected catalog contains >35,000 sources down to a 5σ limiting depth of H =27.4 and 28.2 mag in the wide and deep regions of the mosaic, respectively.
We show that the overall SEDs present the level of consistency required to characterize the intrinsic stellar populations of the galaxy, and we perform a galaxy-bygalaxy fitting of the UV-to-FIR SEDs to stellar population and dust emission models and a fit of their grism spectra for emission and absorption lines. From the best fitting optical and IR templates, we estimate: (1) photometric redshifts, (2) stellar population properties (i.e., stellar masses, Av, etc.) and (3) SFRs. From the linefitting of the G102 and G141 HST grism data, we estimate line fluxes and equivalent widths. Then, we analyze the accuracy and reliability of these estimates with respect to different parameters. A summary of the most important results of this analysis follows.
• The use of medium-band photometry and grism spectroscopy significantly improves the quality of the photometric redshifts relative to the case of SED fitting to broad-band photometry only. The comparison to 1,485 spectroscopic redshifts up to z ∼ 3 yields a σ NCMAD = 0.0032 and an outlier fraction of η =4.3%, nearly a factor of 7 more precise than the typical, broad-band based redshifts.
• Owing to the deep limiting magnitude of the F160W mosaic, our catalog is nearly complete for stellar masses above log(M/M ⊙ )= 10 up to redshift z ∼ 3, except perhaps for the most extreme dusty galaxies (Av≫2).
• The line catalog contains nearly 2,000 emission lines detected at SNR> 3, with 30% and 70% of them identified in the G102 and G141 spectra, respectively. The G102 detections are typically in brighter and lower redshift galaxies, H < 23.5 and z = 0.7, while the G141 detections are in fainter and higher redshfit galaxies, H < 24.5 andz = 1.5. For magnitudes H < 23.5, roughly 35% of all galaxies have two emission lines detected, typically Hα(G141) and Hβ(G102) at z = 0.6 − 1.3.
• We obtain robust SFRs for all the galaxies in the catalog by using in each case the best available SFR tracer from either the rest-frame UV or the far IR emission. The overall SFR ladder is computed selfconsistently verifying the consistency in the SFRs for galaxies with multiple indicators, and showing that the resulting SFR main sequence is in good agreement with previous works at all redshifts over a range of 2 dex in stellar mass.
The multi-band photometry and the added-value catalogs (see appendices) presented in this paper are further complemented with additional data products from the CANDELS survey which allow even richer studies the galaxy populations by adding, for example, structural properties (van der Wel et al. 2014) 
A. PHOTOMETRIC CATALOGS
This appendix features CANDELS GOODS-N multiband photometric catalog entries with optical observations from KPNO, LBC, HST/ACS, near infrared data from HST/ WFC3, CFHT and Subaru, and infrared observations from Spitzer/IRAC (Table A1 ). This catalog also contains useful SExtractor outputs for the HST bands as in the catalogs released with the previous CAN-DELS papers.
A separated catalog containing the photometry in the 25 medium bands of the SHARDS survey is also provided (see Table A2 ). The medium-band photometry is shown separately to explicitly indicate the variation in the central wavelength of each passband (see Table A3 ) due to the location of the sources in the SHARDS mosaic (see § 2.2.2 and Pérez-González et al. (2013) for more details).
B. OPTICAL/NIR SED FITTING BASED CATALOGS: PHOTOMETRIC REDSHIFTS AND STELLAR PROPERTIES
This appendix describes the content of the tables with the photometric redshifts and stellar properties for all the objects in the catalog derived from the fitting of their SEDs. The redshift Table B1 contains the best-effort redshift estimate based either on good quality spectroscopic redshift or on the 3-tier photometric redshift method, i.e., computed either with broad-band data, broad-band and SHARDS medium-band data or broad and mediumband plus WFC3 grism.
The redshift Table B2 contains supplementary photometric redshift estimates computed by 5 different investigators using only broad-band data. For this particular estimates homogeneity in the input photometric data was preferred over quality of the photo-z. The latter can be improved by adding higher spectral resolution data (as in the 3-tier method), but such data is only available for smaller subsets of the whole sample. The codes an assumptions used by each different investiga- Table B3 describes the content of the catalog with the stellar population properties computed with FAST and the rest-frame absolute magnitudes derived with EAZY. Table B4 describes the content of the catalog with the stellar population properties computed with Synthesizer.
C. WFC3 GRISM SPECTROSCOPY: LINE CATALOGS
This appendix describes the content of the WFC3 grism line catalogs derived from the G102 and G141 spectra. As discussed in § 5.2, the line fluxes and equivalent widths presented in Table C1 are measured using the same code introduced by the 3D-HST survey (Momcheva et al. 2016) . This code fits the spectra to gaussian line templates, normalized to the total broad band photometry, using an MCMC method. The names and nominal wavelengths of the lines are given in Table C2 (also Table 4 from Momcheva et al. 2016 ).
D. SELF-CONSISTENT FAR-IR PHOTOMETRY AND SFRS FOR GALAXIES IN THE 5 CANDELS CATALOGS
The first section of this appendix describes in detail the method to measure mid-to-far IR photometry and how to assign those fluxes to the most likely counterparts in the F160W selected CANDELS catalogs in 5 fields, namely: UDS (Galametz et al. 2013) , GOODS-S (Guo et al. 2013) , EGS (Stefanon et al. 2017) , COS-MOS (Nayyeri et al. 2017) , and GOODS-N (this paper). Then, we review the procedure to compute self-consistent SFRs for all galaxies in the catalog using the SFR-ladder method, which is based on a combination of UV-and IR-SFR tracers. This method is also described in § 5.4. Here we provide additional details on the procedure to estimate the UV dust attenuation from the slope of the UV SED (β) and the ratio between the observed UV and IR luminosities (IRX). Next, we assess the quality of the IR photometry and SFRs by comparing our estimates to those from other works in the literature. Lastly, we describe the content of the tables presenting the IR fluxes, dust attenuations and SFRs for all galaxies, and D.1. mid-to-far IR catalogs and matching to F160W sources We build merged, mid-to-far IR photometric catalogs using Spitzer/IRAC and MIPS, and Herschel/PACS and SPIRE datasets presented in Pérez-González et al. (2005 , PEP + GOODS-Herschel (Lutz et al. 2011; Magnelli et al. 2013) and HerMES (Oliver et al. 2012) . Table D1 sumamrizes the 5σ limiting fluxes in each band and field. The method to extract IR sources from the MIPS, PACS, and SPIRE mosaics and to measure their photometry is described in detail in Pérez-González et al. (2010 , see also Rawle et al. 2016 and Rodríguez-Muñoz et al. 2019 . Briefly, the method consists of three steps: (1) source identification in each of the individual IR bands by using a combination of priors and direct detections, (2) photometric measurements based on PSF fitting and (3) merging of the individual photometric catalogs to produce multi-band MIPS, PACS, and SPIRE catalogs.
D.1.1. mid-to-far IR photometric measurements
Given the overall higher sensitivity and spatial resolution of MIPS24, the source identification in this band is based on direct detections (i.e., without IRAC priors). For the lower-resolution and sensitivity PACS and SPIRE bands we use a combination of IRAC and MIPS priors to reduce the effects of confusion. For these priors, we use IRAC-selected catalogs drawn from Spitzer/IRAC mosaics (see Pérez-González et al. 2008) , i.e., not the TFIT-deblended sources based on F160W described in § 3.2. Before extracting sources in PACS and SPIRE, we remove from the prior catalog those sources that are too close to be spatially resolved in each of those bands. Then, the prior-based idenfications are complemented with direct detections identified by running the source detection iteratively at different detection levels, starting from bright to faint sources. This approach improves the detecion of faint sources located close to very bright sources (Pérez-González et al. 2005) . The source detection catalog in each of the IR bands is used to measure the photometry by fitting PSFs at the given positions using the daophot package in IRAF, and allowing for one pixel centering offsets. The PSF models for each band are created using bright, well-detected sources. The tailored PSFs allow to account for data reduction effects such as drizzling and a repixelization of the original images. The total fluxes are estimated from the flux densities measured in optimum circular apertures and applying aperture corrections (see section 2 of Pérez-González et al. 2010 for more details). To ensure the robustness of the photometric measurement, all sources detected below the 3σ detection limit of each band (see Table D1 ) are removed from the single-band catalogs.
Lastly, all the single-band catalogs are unified into 3 merged catalogs for MIPS (24 and 70), PACS (100-to-160) and SPIRE (250-to-500), respectively, which will then be used to assign IR fluxes to the sources in the CANDELS/F160W catalog. We note that there is little ambiguity in assigning MIPS24 counterparts to the PACS100 detections. In fact, 95% of the PACS100 sources have a single possible MIPS24 counterpart, and the remaining 5% have only two. Similarly, PACS160 has a lower spatial resolution, but also a lower sensitivity (i.e., fewer detections). This means we can assign reliable PACS100 counterparts for all the PACS160 sources and from there tie them to MIPS. For the SPIRE bands, we find that each SPIRE350 and SPIRE500 source can be identified with a single counterpart in the deeper and higher resolution SPIRE250 band. Nonetheless, the multiplicity of the SPIRE250 sources in bluer bands (down to IRAC) is equal or larger than 2 for 85% of the sources.
D.1.2. Matching IR fluxes to F160W sources
Based on the IR-only catalogs described above, we assign mid-to-far IR fluxes to the CANDELS sources following the method described in Rodríguez-Muñoz et al. (2019) to identify the most likely F160W counterpart for each mid-and far-IR source. Briefly, we use a crossmatching procedure based on the celestial coordinates which runs in 3 steps: first identifying F160W counterparts to MIPS sources within 2.
′′ 5, then MIPS counterparts to PACS sources within 3.
′′ 0 and finally PACS counterparts to SPIRE sources within 9.
′′ 0. Before the crossmatch, we set SNR > 3 lower limits for the IR fluxes below which the sources are excluded from the rest of the analysis.
If the multiplicity of the F160W to MIPS match is larger than 1, the primary counterpart is determined by assigning the highest priority to the F160W source with the highest flux in the reddest IRAC band, typically 8.0µm, but sometimes 3.6/4.5µm for faint IRAC sources. If multiple counterparts have similar IRAC fluxes within 1σ the primary is the one closest in distance to the MIPS source. For the MIPS to PACS, and PACS to SPIRE identifications the primary counterpart is determined again by prioritizing the brightness in the reddest available band, e.g., the primary counterparts to a PACS160 (SPIRE250) source is the brightest MIPS24 (PACS160) neighbor. In the few cases where a PACS source has no MIPS counterparts, we crossmatch directly to F160W and we assign the primary counterpart based on the IRAC fluxes determined with TFIT. After this sequential process, only the primary counterpart in each crossmatch is used in the following step. As a result, each mid-to-far IR detection has a unique F160W counterpart in the final catalog. Only those F160W sources with IR detections are used in the next section to compute IR-based SFR estimates. Nonetheless, this paper provides supplementary IR catalogs (see appendix D.4) which indicate the all the secondary shortwavelength counterparts in all the bands involved in the crossmatching procedure. These catalogs also indicate the multiplicity, i.e., the total number of counterparts to each long-wavelength source, which can be used for further diagnostics.
D.2. SFRs and dust attenuations from the SFR-ladder method In the following we describe our method to obtain Star Formation Rates (SFRs) for all the galaxies in the CAN-DELS catalogs. Our empirical approach is based on an auto-consistent combination of three tracers: the ultraviolet, the mid-, and the far-infrared emission. With them, we analyze the extinction properties of the CANDELS H-band-selected galaxies in order to provide a robust estimation of the SFR in a galaxy-by-galaxy basis, taking into account both the evolving intrinsic properties of galaxies as well as the limitations of the data currently available in the CANDELS fields (in the relevant wavelengths). Several tests have been carried out to check the consistency of the different estimations. We describe the method and tests in detail in the following paragraphs.
For each galaxy in our sample we aim at estimating its SFR taking into account both the direct emission from young stars as well as from stars obscured by interstellar dust. With this in mind, the total SFR of a galaxy, SFR TOT , can be calculated in two different ways:
1.-adding SFR obs UV , the SFR linked to unobscured stars (provided by the observed total UV emission), to SFR IR , the SFR associated with the emission from young stars which is absorbed by dust and reradiated in the IR:
2.-using the observed total UV emission, SFR obs UV , and applying an attenuation correction to obtain the total SFR:
We note that joining the previous two equations we Multiplicative scaling factor to correct the flux of the emission line to the photometry X EQW Emission line equivalent width inÅ NOTE: X = emission line name, as given in accompanying table. can obtain a expression of the attenuation in terms of the SFRs:
Concerning the first method, the observed UV-based SFR is typically estimated from monochromatic luminosities, after applying a bolometric correction to obtain the emission at all UV wavelengths. In this work we consider SFR obs UV estimations based on the luminosity at 160 and 280 nm rest-frame, transformed into a bolometric UV emission and a SFR following the calibrations found in Kennicutt (1998) and Bell et al. (2005) , respectively. For the first transformation, we correct the original factor calculated for a Salpeter (1955) IMF to a Chabrier (2003) IMF dividing by a 1.6 factor. The UV-to-SFR calibrations are:
In both equations, the SFRs are given in M ⊙ yr −1 , and the luminosity densities in erg s −1 Hz −1 . Concerning the IR-based SFR, SFR IR , we estimate it in two different ways. For galaxies which are detected (at least at a 5σ level) by the Spitzer MIPS instrument at 24 µm and by one or several Herschel bands with the PACS and/or SPIRE instruments, we fit the flux points to dust emission models. We use the libraries published by Chary & Elbaz (2001) , Dale & Helou (2002) , Rieke et al. (2009) and Draine & Li (2007) , and calculate the total IR luminosity integrating the best fitting model for each library from 8 to 1000 µm to obtain L(8-1000). The typical scatter in L(8-1000) for the different template sets is 0.05 dex. This bolometric IR luminosity is transformed into a SFR using the calibration in Kennicutt (1998) , assuming a Chabrier (2003) IMF:
where L(8-1000) is given in erg s −1 and the SFR in M ⊙ yr −1 , For galaxies which are only detected by MIPS at 24 µm, the calculation of L(8-1000) involves an extrapolation which is larger, more uncertain, and affected by significant systematic errors as we move to higher redshifts (see, e.g., Papovich et al. 2007 ). Consequently, for these galaxies we used the transformations between 24 µm emission and SFR presented in Wuyts et al. (2011a, W11) , SFR W11 IR , who tested them against Herschel-based SFRs (see also the discussion in the next paragraph). We also considered the transformations from MIPS 24 µm to SFR proposed in Rujopakarn et al. (2013, R13) , but decided to use Wuyts et al.'s recipe based on the better performance (see below).
In order to test the reliability of the SFRs obtained from the 24 µm flux point alone, we compared them with the SFRs obtained from the fits to dust emission models for the galaxies with Herschel detections. The results for GOODS-N are presented in Figure 22 in the main text. In Figure D1 we plot the comparison for the 5 CANDELS fields. The typical systematic offset between the two SFR estimations is always below 0.05 dex, except at z > 3, and the scatter is 0.2-0.3 dex. For comparison, the results obtained when comparing the R13 figures with the SFRs obtained from fits to the MIPS+Herschel data are similar at z 2, 0.04 dex offset and 0.2-0.3 dex scatter, but considerably worse at z 2, where the systematic offset is larger than 0.2 dex, reaching 0.5 dex at z > 5 (in all cases, the SFRs obtained from the fits are larger than those obtained with the R13 recipe), and the scatter is 0.4 dex.
For the galaxies with no IR detection, we used a UVbased SFR obtained by applying an attenuation correction, A(UV), to the observed UV luminosity. Typically, this correction is estimated by measuring the UV spectral index, β UV , and transforming it to an attenuation using a recipe such as the one presented in Meurer et al. (1999) . This procedure is based on the fact that young Figure D1 . Comparison of the SFR estimations based on the MIPS 24 µm fluxes alone (using the Wuyts et al. 2011a recipe; SFR W11 IR ) with the SFRs calculated by fitting the MIPS and Herschel flux data points to dust emission models (see text for details; SFR fit IR ) for all the IR detections in the five CANDELS fields. We divide the sample in galaxies detected, apart from MIPS, by both PACS and SPIRE (red points) or only by PACS (green points). Filled points refer to galaxies with at least 5σ detections, open points represent less significant detections.
( 100 Myr) starbursts with no dust present a slope of ∼ −2.2 (for metallicities as low as 1/20 solar; see, e.g., Leitherer et al. 2014 ) when using f λ (our fiducial definition; note that this is the same as a flat slope spectrum when plotting the flux density in terms of f ν ). In the presence of dust (and also for older stellar populations), and assuming typical dust properties, the UV slope typically becomes flatter (but not always, see Witt & Gordon 2000) , offering an opportunity to estimate the attenuation. However, transforming β UV into a UV attenuation depends on the properties of the dust and its relative location with respect to the stars (Witt & Gordon 2000; Popping et al. 2017; Narayanan et al. 2018) . In addition, as mentioned above, the UV slope is also mildly dependent on age for young starbursts (t < 100 Myr), but the effect of age dominates for more evolved stellar populations. Consequently, different types of galaxies present different relationships between β UV and A(UV).
For local starbursts, Meurer et al. (1999) compared UV and far-IR luminosities, using their ratio (IRX) and its relationship with β UV to provide an easy-to-use attenuation recipe. However, many papers in the literature have shown that the IRX-β UV relation presented in Meurer et al. (1999) is not universal (among many, Pettini et al. 1998; Kong et al. 2004; Buat et al. 2005 Buat et al. , 2012 Dale et al. 2009; Reddy et al. 2010 Reddy et al. , 2018 Overzier et al. 2011; Casey et al. 2014 , Popping et al. 2017 McLure et al. 2018; Narayanan et al. 2018) . In general, using the Meurer et al. IRX-β UV relationship for all galaxies, which is common in the literature, will provide acceptable UV attenuations for active star-forming galaxies similar to those studied by Meurer and collaborators. However, this procedure will overestimate the effect of dust for more relaxed systems, which dominate the galaxy population at low redshifts (see Dale et al. 2009; Casey et al. 2014) , and subestimate the attenuation for heavily obscured galaxies, such as (U)LIRGs and SMGs at high redshifts (see, e.g., Overzier et al. 2010; Nordon et al. 2013; Salmon et al. 2015; Bouwens et al. 2016) .
Based on the results from the literature discussed in the previous paragraph, in this paper we present an elaborated method to account for the differences in IRX-β UV relationships from galaxy to galaxy. Our empirical recipe is based on the fact that galaxies present a variety of attenuation laws (which translate to different IRX-β UV relationships, see, e.g., Witt & Gordon 2000) , but it is also dependent on data depth (in the mid-and far-IR, as well as in the UV and near-infrared) for the CANDELS fields. Our method relies on two pillars: the construction of IRX-β UV relationships for different types of galaxies and the actual detection limits of the Spitzer/MIPS and Herschel surveys, which impose upper limits on the SFR calculations for IR-undetected galaxies. Figure D2 shows the SFR IR limits of the MIPS and Herschel surveys in the CANDELS fields. The gray line marks the boundary of the IR detections (90% of galaxies lie above that line). We remark that any galaxy presenting a large enough amount of dust should be detected in the IR and lie above the gray line. Analogously, for galaxies with no IR detection, the amount of dust must be limited so the absorbed part of the SFR can stay below the observational limits. We note that the IR surveys in each CANDELS field count with different depths. In this plot we show the SFR IR limits based on the deepest datasets (in the two GOODS fields), but our method to estimate SFRs from UV data alone properly scales up the limits for the other CANDELS fields.
Different IRX-β UV relationships were built for galaxies as a function of their IR-based SFRs. We divided the total sample of IR-emitters in eleven bins (roughly equal in linear space, except at the extremes, where the bins are larger to count with enough galaxies) of L(8- Table D2 ). Figure D3 shows the results when considering UV-based SFRs using the 160 and 280 nm estimators. It is readily clear that the galaxies with brighter IR luminosities present higher IRX values for the same UV slope. We find that the Meurer et al. (1999) relationship is a good approximation for galaxies with SFR IR ∼ 1−100 M ⊙ yr −1 , consistent with the SFRs of the local starbursts used in that work (Heckman et al. 1998) . Galaxies with smaller levels of star formation (in our sample, this implies z 1, since the IR surveys are not deep enough to detect such galaxies at high redshift) lie below the Meurer et al. relationship. The brightest LIRGs, ULIRGs, and HyLIRGs present higher attenuations for the same UV slope value compared to the Meurer et al. curve. Note that the differences in IRX-β UV curves imply different attenuation laws (Witt & Gordon 2000; Charlot & Fall 2000) .
Using the results presented in Figures D2 and D3 , we can now estimate attenuation-corrected UV-based SFRs for sources with no IR detection. For a given galaxy, we have its redshift and a β UV estimation obtained by either fitting directly the UV flux points at wavelengths between 120 and 260 nm, or by measuring slopes in the models used to estimate stellar masses (see Section 4). We note that both types of estimations provide very similar results, with an average systematic offset ∆β < 0.01. With the redshift we can obtain from Figure D2 an upper limit for the SFR based on the detection limit of the MIPS/Herschel surveys in the CANDELS fields. The upper-limit SFR is used to select an IRX-β UV relationship from Figure D3 , which allows to translate from β UV to attenuation in the UV (in one of the two considered wavelengths). With this attenuation we correct the observed SFR obs UV−λ to get the dust-corrected SFR corr UV , which is equal to SFR TOT . The obtained value of SFR corr UV might be higher than the detection limit of the IR surveys. In this case, we recalculate the attenuation using a lower IRX-β UV relationship until the estimation is consistent with the non-detection at mid-and far-IR wavelengths. Two further refinements are included in our method. First, for each galaxy we calculate a UV-based dust-corrected SFR using both the 160 and the 280 nm estimator, and we average them to provide a final value. Typically, the two estimations are consistent within less than 0.05 dex. Second, we iteratively calculate a main sequence for different redshift bins (see Figure D4 ) and avoid outliers at the bright end that deviate more than 5σ.
Summarizing, we have developed a method to calculate SFRs in a galaxy-by-galaxy basis following a ladder approach. For the most extreme galaxies at the highest part of the ladder, which are detected by both MIPS and Herschel, total SFRs are calculated with dust emission models fitting the IR data points and adding the unobscured star formation. For less extreme cases in the middle of the ladder, we have measured the obscured star formation directly from MIPS data, which are highly sensitive to the amount of dust. For sources at the bottom of the ladder which have not been detected by the mid-and far-IR surveys, we calculate SFRs taking into account differences in the attenuation law, linked to different IR-to-UV ratios.
Using this methodology we obtained a total SFR, SFR TOT , for each galaxy. Figure D4 shows a SFR vs 
0.0 < z < 0.5 0.5 < z < 1.0 1.0 < z < 1.4 1.4 < z < stellar mass plot for the more than 186,000 galaxies in the CANDELS catalogs, divided in nine redshift bins and taking into account star formation activity as inferred from U V J diagrams. A running median has been run through the data (with a minimum of 200 points) to obtain the position of the main sequence (relation between SFR and mass for those galaxies identified as star-forming based on the U V J diagram, i.e., after excluding quiescent galaxies). Medians and rms values for these main sequences built with the entire CAN-DELS dataset are given in Table D3 . Several interesting results can be extracted from this plot. First, our methodology produces a main sequence of galaxies where the non-IR detections nicely join the trend followed by the IR emitters. Second, the main sequences inferred from our results are, overall, consistent with the results in the literature (in particular, we compare with Whitaker et al. 2014 ,Speagle et al. 2014 , and Schreiber et al. 2015b ). However, we note that, if we consider the SFR vs mass relation for all galaxies, including quiescent systems, the SFR-M trend becomes flat at higher masses, and even reverses the sign of the slope at low redshifts (z < 1), where the red sequence is populated by large numbers of dead galaxies. Table D4 gives the Chebyshev coefficients of our fits to the main sequence (just considering SFGs above the mass completeness limit) and general SFR-M (including all galaxies) relationships shown in Figure D4 .
Comparison to other IR-based SFR catalogs In order to further verify the quality the far-IR photometric catalogs and the SFRs based on them we compare our values to those from two independent works using similar datasets. These are the MIPS24 photometric and SFR catalog of the 3D-HST survey, presented in Momcheva et al. (2016) and Whitaker et al. (2014) , and the Spitzer+Herschel+VLA photometric and SFR catalog of GOODS-N galaxies, presented in Liu et al. (2018, hereafter L18) .
The 3D-HST catalog is similar to ours in the sense that it provides far IR photometry to WFC3-selected sources in the 5 CANDELS fields. Therefore, it is straightforward to identify common sources by crossmatching celestial coordinates within a 0.
′′ 3 search radius, as we have done in § 4.2. The MIPS 24 µm photometry in the 3D-HST and CANDELS catalogs is computed following slightly different procedures. The CANDELS photometry, as described in appendix D.1, is based on direct detections of point-like sources whose fluxes are measured using circular apertures and applying aperture corrections. Then, each MIPS source is associated to its most likely F160W counterpart using brightness and proximity criteria. The 3D-HST catalog measures the MIPS 24 µm fluxes following the same method as with the all other optical-to-NIR bands. I.e., they used the convolution software MOPHONGO (Labbé et al. 2013 ) on the WFC3 high resolution images to model and subtract the contributions from neighboring blended sources in the lower resolution MIPS24 image. Then, they use circular aperture photometry on the "clean" cutout of each source to measure the flux, and they apply an aperture correction of 20% to determine the total magnitude.
In addition to the MIPS24 fluxes, the 3D-HST catalog provides IR and total SFRs computed following a similar methodology to the one described in appendix D.2. I.e., they use the MIPS 24 µm fluxes and the redshifts of the galaxies to estimate bolometric IR luminosities using the IR emission templates of Wuyts et al. 2011a . These luminosities are transformed to SFRs using the Kennicutt (1998 ) calibration, assuming a Chabrier (2003 IMF. Lastly, they estimate total SFRs by adding the IR-SFR to a UV-SFR estimated from the observed UV luminosity computed from the fitting of the optical-to-NIR SED of each galaxy. Figure D5 shows the comparison of the MIPS 24 µm fluxes and SFRs (IR and total) between the CANDELS and 3D-HST catalogs. The blue and cyan lines indicate the running median and 1σ percentiles. The values in each panel have been normalized by applying a constant offset (indicated in the bottom-left corner) determined from the average value of the running median. Overall, the comparison suggests that the values in the CANDELS and 3D-HST catalogs are quite consistent. The CANDELS MIPS24 fluxes are slightly brighter than the 3D-HST by 0.05 dex. This small difference is the same in the 5 cosmological fields, which suggest that the origin could be a small systematic difference in the photometric zero-points or perhaps in the value of the aperture correction. Interestingly, despite the small offset in the MIPS24 photometry, the IR-based SFRs are in excellent agreement with a median difference of just ∆SFR= −0.01 dex. The ∼0.12 dex scatter in the comparison of IR-SFRs is also quite small compared for example to the 0.3 dex scatter in the comparison of stellar masses shown in § 5.3. Such small scatter is probably caused by small differences in the MIPS flux, redshift or the dust emission templates. Likewise, the comparison of total (UV+IR) SFRs shows an excellent agreement with an average offset of ∆SFR= −0.03 dex and a slightly larger scatter of 0.21 dex. The increased scatter relative to the IR-SFRs comparison is likely caused by additional random differences in the UV-SFRs which are based on the different optical-to-NIR SED fitting of each work.
The L18 catalog aims to provide self-consistent far-IR to sub-mm photometry for galaxies in the GOODS-N region. As such, it is primarily selected in the far-IR, with the majority of the sources detected in a merged MIPS 24 + VLA 20cm catalog. Most of these sources have NIR counterparts, primarily in IRAC and K-band, which are used to crossmatch to other optical/NIR catalogs, such as the 3D-HST, for the purpose of obtaining optical-to-NIR photometry and photometric redshifts for each far-IR source. To first order, the L18 IR photometric measurements are similar to ours. They are both based on PSF fitting point-like sources using positional priors from other bands with higher spatial resolution. As appendix D.1, these priors help reduce the confusion effects due to crowding. The primary difference between the L18 and CANDELS methods is the choice of the detection priors. For any given band, we chose priors from the previous, shorter wavelength band with better resolution (e.g., MIPS24 priors for PACS100), while L18 use the full SEDs at shorter wavelengths to predict the fluxes of all the possible counterparts and, based on those, choose only the priors that are likely to be detected.
This "informed" choice of priors can ease the confusion around particularly crowded sources or can help Figure D4 . Total SFRs vs. stellar masses for all cataloged galaxies in the five CANDELS fields, divided in 9 redshift bins. The SFRs have been estimated with the ladder approach described in this Appendix, and the three layers are marked with different colors: MIPS/Herschel sources in red, MIPS-only sources in yellow, and UV-only sources in gray. Stellar masses are taken from Santini et al. (2015) for CANDELS fields except GOODS-N, whose masses are presented in this paper. For each bin, we plot the main sequence curves according to Whitaker et al. (2014, green lines) , Speagle et al. (2014, cyan) and Schreiber et al. 2015b , blue for the redshifts or Universe ages shown in the legend of each panel. We also depict the trends of SFR as a function of mass based on the calculations presented in this paper for the sample of star-forming galaxies built after removing quiescent systems with U V J diagrams. Points plotted in black depict running medians for the SFGs: open circles correspond to galaxies with stellar masses larger than the stellar mass limits given in Grazian et al. (2015, vertical gray lines) , diamonds to galaxies below those limits. The former data points are fitted with Chebyshev polynomials (thick black lines). The relationship between SFR and stellar mass for all galaxies (SFGs jointly with quiescent galaxies) is also shown with thin black lines.
find sources with peculiar SEDs (e.g., those detected in SPIRE but not in PACS). Nonetheless, as discussed in appendix D.1, the multiplicity in our sequential crossmatching method is very small (1:1 for MIPS and PACS and 3 or 2:1 for SPIRE) compared to that of a direct match from F160W or IRAC to SPIRE, where the multiplicity can be as high as 20 or 30. Thus, we expect that the bulk of the detections and IR fluxes in both catalogs to be in good agreement. The L18 catalog contains ∼3300 sources over a sligthly larger area of GOODS-N than that covered in the CANDELS survey. We crossmatch both catalogs within a 0.
′′ 5 radius and we sucessfully identify all the L18 sources that already had 3D-HST priors. Figure D6 shows the photometric comparison between the six mid-to-far IR bands in common between the two catalogs. Each panel shows only galaxies detected at SNR> 5 in both catalogs (see Table D1 ). As in Figure D5 , the values have been corrected by a constant average offset determined from the running median (blue line). Overall, the photometry in the two catalogs exhibits a good agreement with only small systematic offsets ( 0.03 dex in all bands but SPIRE500) and a typical scatter roughly consistent with the expected photometric uncertainties. Owing to its higher sensitivity and spatial resolution, the comparisons in the MIPS and PACS bands span a broader dynamical range (∼1-1.5 dex) and include more galaxies, which leads a more homogeneous and smoother distribution. In SPIRE, however, both the dynamical range and the number of detections are smaller. Nonetheless, the bulk of the galaxies exhibit a good agreement with a scatter smaller than 0.1 dex.
In addition to the far-IR photometry, we also compare the IR-based SFRs derived from the fitting of the full IR SEDs. This comparison depends on additional factors such as the number photometric fluxes in the IR SED, Note. -(1) Redshift interval (same as in Figure D4 ). (2) Stellar mass completeness level of the CANDELS catalogs from Grazian et al. (2015) . (3) Sample of galaxies: star-forming galaxies (SFGs) identified with UV J diagrams, and entire sample (ALL) adding quiescent galaxies to the previous sample. (4) Chebyshev polynomial coefficients (order 3). or the set of dust emission templates used for the fitting. The IR SEDs in L18 include a few more bands in the submm and radio. However, those detections are restricted to only a few IR bright objects. Thus, the bulk of the sample has a similar SEDs in both catalogs. As for the fitting templates, L18 uses the Magdis et al. (2012) library plus 2 additional AGN models, while we use a combination of 3 libraries (see appendix D.2). Despite these differences, Figure D7 shows an excellent agreement in the SFRs with only a small average offset of −0.1 dex and a scatter of 0.21 dex, which is consistent with the typical uncertainties in these modeling-dependent comparisons. Furthermore, there is no evidence for any strong systematic offset with redshift. This is relevant because some dust emission templates exhibit strong spectral features, such as the PAH emission, that could bias the fit of some bands at specific redshifts. Lastly, the right panel of Figure D7 shows the comparison of the total (UV+IR) SFRs. We find again a good agreement with a similar average offset and scatter. This suggests that the impact of the UV-SFRs in the total SFRs of these IR bright galaxies is only minor and therefore small fluctuations in their values have a negligible impact in the comparison. Figure D6 . Comparison of mid-to-far IR fluxes between the CANDELS (this work) and the Liu et al. (2018) catalogs in the GOODS-N field. From left-to-right and top-to-bottom, the panels show the comparison of the MIPS24, PACS100, PACS160, SPIRE250, SPIRE350 and SPIRE500 fluxes. The y-axis shows differences in L18 minus CANDELS values. The comparison is restricted to galaxies detected above SNR=5 in each band in both catalogs (see Table D1 ). The blue lines show the running median and ±1σ scatter of the distribution whose average values are indicated in the bottom-left corner. The values in each panel have been corrected by a constant offset derived from the average running median. The declining sensitivity and spatial resolution with increasing wavelength of the bands leads to fewer detections, larger scatter and some outliers likely caused by differences in the deblending of particularly crowded sources. Nonetheless, we find an overall good agreement in all bands with systematic offsets smaller than ∼ 0.1 dex and a scatter that is roughly consistent with photometric uncertainties.
tion Table D6 , provides FIR photometric and proximity flags that can be used to clean the catalog or to apply more restrictive conditions on the sources with FIR detections.
Note that, while in Table D5 there is only one possible F160W counterpart to each detection in a FIR band, the catalog described in Table D6 list all the possible F160W counterparts to a given FIR source (MIPS, PACS and SPIRE) indicating their likelihood (from 1 to N) of being the primary counterpart of the IR detection. Only the F160W sources with the maximum likelihood (e.g., MIPS order=1) have IR fluxes in Table D5 . The total number of F160W counterparts to a given IR source as well as their distances such source and their respective IRAC fluxes are also indicated.
In addition to the F160W multiplicity for a given FIR source, the catalog lists the multiplicity of that source in all other mid-to-far IR bands up to itself. These multiplicities are computed for several cross-match radius relative to the typical spatial resolution of the FIR band (e.g., radius of 0.5, 1, 2 or 3× the FWHM of the PSF). For the example, the MIPS flag catalog includes the multiplicities of F160W, IRAC and MIPS sources within different radius. The PACS flag catalog includes multiplicities of F160W, IRAC, MIPS and PACS sources, etc. The values in the flag catalogs provide a quick a simple way to find relative isolated FIR sources, or to identify FIR sources in crowded environments which might lead to some contamination in the photometry. redshift Figure D7 . Comparison of the IR-based SFRs (left) and total UV+IR SFRs (right) in the CANDELS (this work) and the Liu et al. (2018) catalogs in the GOODS-N field, color coded by redshift. The y-axis shows differences in L18 minus CANDELS values. The comparison is restricted to galaxies detected above SNR=5 in MIPS24 (the deepest band) in both catalogs. The black and grey lines show the running median and ±1σ scatter of the distribution whose average values are indicated in the bottom-left corner. The values in each panel have been corrected by a constant offset derived from the average running median. The CANDELS IR-and total-SFRs are only marginally larger than those in L18 by approximately constant values of 0.1 and 0.14 dex. There is no evidence for significant trends with SFR or redshift which appear somtimes due to strong features in the dust emission templated used in the IR-SED modeling. The scatter in the comparisons, 0.25 dex, is consistent or even better than the typical 0.3 dex. Thus, we conclude that, overall, there is a good agreement betwee the CANDELS and L18 SFRs. IR-based star formation rate derived from the MIPS 24µm flux following (Wuyts et al. 2011b ). 29 SFR corr UV (160) UV-based star formation rate corrected for extinction using the IRX-βUV relations determined from the UV luminosity at 160 nm. 30 SFR corr UV (280) UV-based star formation rate corrected for extinction using the IRX-βUV relations determined from the UV luminosity at 280 nm. 
